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SUMM i\Y

An integrated analytical and experimental program was conducted to
analyze the operation of rolling elemn.nt bearing retainers and attendant
lubrication effects. Analytical models to represent ball and roller
bearing operation were derived with regard to the elastic deflections
at the rolling elemeit/race contacts, tractive forces generated at the
bearing component interaction surfaces, and viscous drag effects.

Program objectives were conducted in t,vo phases. i1-e f;rst phase was
to analyze the forces and the lubrication conditions that exist between
the rolling element and retainer pockets when the bearing 's operating
at high-load and high-speed conditions. Once completed, the derived
analysis was incorporated into an iterative computer program to
produce bearing solutions for arbitrary load and speed conditions.

The second phase of the program was to conduct an experimental test

prograrn to validate the computer analysis. Bearing performance was
investigated over a wide range of lads, speeds, ;nd lubrication condi-
tions. Also, data were acquired on ball bearings subjected to retainer
skid at high-speed, low-load operating conditions. To accomplish the
test program, it was necessary to :-nodiiy an existing test rig and to
design special instrumentation for acquisition of the desired operating
data.
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INTRODUCTION

The analysis of rolling element bearing systems, which had earlier
been prohibitive for manual calculation, has been facilitated by the
advent of digital computers. Bearing systeirs present highly redundant,
nonlinear mathematical models for which closed-form solutions are not
available. Solutions nmust be obtained by numerical, iterative techniques.

During the past ten years, many computer programs for bearing analysis
have been created to meet the varying needs of industry. The best knowi
is a five-degree-of-freedom program derived and written by P.. B. jones.
This program forms the basis of ,host of the computer work accomplished
in the bea ring analysis field, and is extensively used th--oughout the aero-
space industry for the design and analysis of high-sp ,ýed rolling element
bea rings,

'Dhe program• uses Newton- Raphson iterative techniques to solve for

equilibritun of the individual bearings and the entire bearing system
simultaneously under the acticn of applied external loads while consid-

ering high-spee.J effects, Solutions are arrived at by systematically
varying the shaft deflection• until the integrated reaction forces of the
rolling elements against the races balincc the applied forces.

This analysis for ball bearings. howevei, does not consider the forcts
acting among the retainer, the rolling elements, and the piloting surf3.ces
of the bearings, nor does it account for the tractive forces generated at
the race contact areas. Bearing kinematics are established by constrain-
ing the balls' angular velocity vector to lie in a radial plane, i. e. , no ball

rotation about the- axis dictated by the ball gyroscopic mooment. Also,

the analysis is subject to the race control hypothesis, which dictates that
the ball will roll without spin at the race contact (inner or outer) that
offers the greatest resistance to sFinning. High-speed bearings with
relatively large centrifugal ball loads against the outer race would,

therefore, be predominantly outer race controlled. Iiuj: significance of
outer and inner race control is shown geometrically in Figur' I.

A race control assw'nption was imposed in the previous analysis bcc,.,ise I
a ball in angular contact cannot exhibit pure rolling at both inner and

outer race contacts simultaneously. Therefore, the ball must have a
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CENTERLINE -

INNER RA-E CONTROL

Figure 1 •Race Control Concfpt.
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spin velocity component at one or both race contacts which is equivalent
to a twisting of the race body with respect to the ball about the normal
to the center of the pressure area. Outer race control is considered to be

advantageous for high-speed bearings because it results in minimum ball
gyroscopic moments and maxiimum stability. It does have the disadvan-
tage of placing the spin velocity component at the inner race with attendant

heat gereration, where oil cooling is most difficult.

Also implicit jLa the analysis is the concept that all friction resistance to
the gyroscopic moment is generated at the controlling race and that
tractive slip does not occur at any of the race contacts, which, of course,
results in analytical solutions predicated upon zero retainer slip. The
roller bearing analysis used is, in general, subject to the sarmie limitations
as those described for the ball bearing with the obvious exception of the

race control and gyroscopic conside rations, which are not applicabie to
rollers.

Recent work conducted by Harris, L PoAawski and Mauriello, 9 Boness, 3

and others has indicated that some of thte assumptions discussed above
and incorporated within the basic Jones analysis are only approximately
valid. Specifically:

1. The ball arnular velocity vector in an angular cojit-ct bail
bearing does not lie exclusively in a radial plane. There is
an angular velocity component in the circumiferential direction.

2. The raceway control hypcthesis is not applicable to all modes
of bearing opera.ion.

3. Tractive slip does occur at the rolling element--to- race contacts
with attendant retainer slippage.

4. .esistarce to the ball gyrosr-,pic ...cmc...i6 " oý " e ex-
clusively to the controlling race.

Some of these weaknesses havc beern resolvcd by vdricus analysts in
special cornputer models treating ir.dividua! bearings. However, some
fundamental problem areas have yet to be addressed, m-st notably the
thermal effects due to contact area slip upon the tractions generated in an
EHD (folastohydrodynamnic) contact. This effect is of the utmost importance



in that the contact area Lraction is the key element in the establishment
of the ball kinematics and thereby the entire solution.

The task undertaken as reported herein was to derive a new mathematical
model for ball and roller bearings that is general and is not subject to
the assumptions and restrictions described above, This undertaking

required a reformulation of the existing Jones analytical model to include

the following salient points:

1. EHD tractive forces and moments in the contact areas account-
ing for the thermal effects accompanying sliding

2. EHD film thickness accounting for spin as well as rolling
velocities in the contact areas

I

3. Ball angular velocity in three degrees of freedomI 4, Tractions and normal loads acting at the rolling element-to-
retainer contacts

5. Viscoua forces acting among the retainer inside diameter,

outside diameter, and their re_!pective bearing La,;e surfaces

6. Rolling element viscous drag forces

7. Equilibrituim of the retainer assembly to be established to
predict retainer speed deviation from the theoretical epicyclic
value.

Rig testing was conducted to verify and modify the theoretical analysis.
The test program included the modification of a test rig and the design
of special instrumentation to obtain the required verification data. Tests
were run on a 10O-millinetcr ball, bearing at speeds up to 20, 000 rpm
with axial and radial loads up to 1,000 pounds.

4



MATHEMATICAL ANALYSIS

,BALL BEARING MATHEMATICAL MODEL

A complete presentation of the mnathematical model developed for the
ball bearing solution is presented in this section. The approach
taken is an extension of the analysis related in Reference 2 to include
retainer loads and lubrication considerations. The numerical procedure
that has been employed ia composed of essentially two major iterative
loops, one within the other. Each loop has specific criteria which

must be qatisfied to obtain the desired solution. The inr,ermost loop
of the analysis deals with individual ball equilibrium which is achieved

when Equations (26) through (30) are simultaneously satisfied. Thzse
equations represent force equilibrium in the X and Z directions, and
moment equilibrium about the X, Y, and Z axes, respectively. The
second loop of the anaiysis establishes equilibrium of the bearing rings
with respect to externally applied loads. These criteria are achieved

when I-quat.ons (34) through (37) are satisfied. These equations repre-

sent force equilibrium on the bearing races in the X, Y, and Z directions
and moment equilibrium about the Y axis, respectively. A second
function of thib loop establishes retainer torque balance by iterating upon
retainer speed accoanting for ball-to-race tractive forces, ball-to-

-retainer lnaids, viscous drag between retainer and ring surfaces, and ball
drag. In this manner, the retainer speed is established and its devia-

tion from the theoretical epicyclic value can be determined. These con-
siderations are expressed in Equations (46) through (49), which deal
with force equilibrium in the X, Y, and Z directions and moment equi-
librium about the X axis.

TVe balls in a high. speed ball bearing operating under other than a

centric thrust load do not orbit at uniform speed if unrestrained by the

cage. Consequently, they move fore and aft within the clearance of the
pockets, and at times they may be in contact with the fore or aft wail
of the retainer pocket.

When a ball is in contact with either the fore or aft wall of the pocket,

its orbital speed is that of the cage and is generally different from its

unconstrained orbital speed. Slippage between ball and race, always
present to some degree, is greatly altered in forrm and intensity at this

tir-ne. Also, frictional forces of the ball in the pocket are significantly
increased.

5



At the instant a ball contacts a pocket wall, an impact force is produced.
This force may be the rniaxinium force exerted on the pocket when tpeeds
are high and bearing loadings are light. As loading intensity is in-

creased, the impact severity changes little, whereas the slippage-
dependent forces increase greatly.

The mathematical model for this study neglects the impact forces and

constrains the ball to orbit at the constant speed of the cage. Also, the

fore and aft clearance in the pocket is zero to ensure the worst possible
case of cage loading, neglecting impact forces; i.e., all balls are in con-

tact with their pockets at aUl times. For purposes of asseasing the prop-

erties of the film between ball and pocket, the true clearance is employed.

The ball referred to an XYZ coordinate system is shown in Figure 2.

The X axis is Tuarallel to the axis of the bearing and rotates about the
latter with the angular cage (retainer) velocity 2p-.

In the following, the subscript I refers to t:'e outer ring or outer-ring

contact. The subscript 2 refers to the inner ring or inner-ring contact.

C 1  = 1 * (I)

CZ = -I

iw. I the angular velucity of the ith ring relative to the cage and is

related to the absoAute angular velocity Iil of the ring arid the cage
velocity ' 2E.

Q.: - Q. -

= I for outer ring

i :2 for inner ring

6=
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uX, Ly- and U.-, are the angular velocities of the ball about X, Y, and
Z.

Fc is the centrifugal force, and My and Mz are the inertial moments
about Y and Z.

MV z (3)

Mz  - Q E. (4)

Fc m - QE (5)
2

I is the mass moment of inertia of the ball about its center, and m is the
mass of the ball. E' is the instantaneous pitch diameter.

Pi is the contact force, and ai and bi are the sernimajor and serniminor

axes o0 the pressure ellipse.

VyRi is the linear velocity of a raceway in the Y direction at the center

of a pressure area.

Vy (Q• -- F (E + c d cos•)

2 
(6)

V,L_ is the linear velocity of the ball at the ith contact in the Y direction.
-1i

, c I d - (,)Z In, , (7)
2
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is the operating contact angle at the ith contact.

VX Bi is the velocity of slip of race on ball in the X direction.

d
v Bx . y (8)

wS. ia the angular velocity of spin of the ith race with respect to the ballanaS i!?

WOS Ci [(Q . X) sinl - wZ Cos i (9)

FXi and Fyi are fricticn forces directed along the major and minor
axes of the pressure ellipse. QSi is a friction moment about the normal
at the center of the ellipse. These items are the result of sliding be-
tween the race and ball,which are separated by an EHD film. Their
values and the values of their derivatives are calculated in a subroutine,
BALFTJ. *

Input to subroutine BALFTJ consists of:

**1. Pressure-viscosity coefficient of the lubricant - in. ?/lb
2*2. Temperature-viscosity coefficient of the lubricant - 1/F
3. Viscosity of the lubricant at inlet temperature - lb-sec/in. 2

**4. Thermal conductivitz of the lubricant - Btu/°F -hr-ft
5. Inlet temperature - F
6. Young's modulus for ball and for race - lb/in. 2
7. Poisscn's ratio for ball and race
8. Dimensions ai and bi of the pressure area - in.
9. Load on the contact Pi - lb

10. Linear velocity of the race VYRi - in. /sec
11. Linear velocity of the ball VYBi - in. /sec
12. Velocity of slip of race on ball in the direction of ti~e major axes

VXB. - in. /sec

13. Ariguiar veiocity of spin u•i -- rad/sec

Discussed under "'Ela.stohydrodynamic Traction Coefficients"

',*Values can be obtained fro.m Appendix VII.
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14. Ball diameter o - in.
15. Race groove radius fid - in.

16. Pitch diameter F' - in.
17. Cosine of the contact angle cos i

1 8. Value of C;
19. Incrementing factor for VyB

20. Incrementing factor for VXBi
21. Incrementing factor for wSi
22. Incrementing factor for Pi

BALFTT returns F i, Fyi, and QS1 and their derivatives with respect

to Vyi 's, Vyi's, ,LSi's, and Pi s. It also returns minimnumn film thick-
ness ho.

Pp is the normal force of retainer on ball.

Pp FYl Fy2 - FD (10)

FD is , viscous drag fcrce.*

Pi is the contact forct and is the result of the elastic approach Ai of ball
and race body.

Figure 3 shows the initial and final positions of the inner and ouLOr race
curvature centers. 6 is the initial contact angle and fi the race curva-

ture factor.

From Figure 3,

A1  = X i• 2  
- I-.5)2d (11)

L 2  = [(A -x )2 + (A2  2 ) 2 1 - (f 2 -. 5) d (12)

Al ai 3 A 2 are defined analytically in Equations (31) and (32).

* Caiculated as described under "Analysis of Shear Forccs on a

Lut:ricated, High-Speed Bearing Retainer,"
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:an, LX (13)
X 2

ton J02 = A I X i (14)
E'~ E+2 [X2 I dcos

The dixmensions of the pressure area are found as follows:

Ci is the modular angle of the ellipse.
1,2

Sin' b )2 (1]

It is related to the geometries of the bodies in the neighborhood of the
contact by au auxiliary parameter Ti.

I _ 2C
•, 1 + C i ,"

Cfl + Ci '(17)

4 2C,

1+ C1i

where

_ d COS i (18)

E

ei and -7i are related by

c (1 - Eos 7) E ( )
(:aot 

0

"2 1 K (t ,) - E (E ,)l

II



K and E (c i) are the complete elliptic integrals of the first and
second kind having the modular angle ei.

The semiminor axis of the pressure aiea is

1/3

3 i R + FlE (i,) Pd co

L4 (4 2C (20)fi i f Ci r

and the serdimajor axis is
b

o - _ {21)

Cos E

R and dE are elastic constants for race and ball, respectively.

2
4(1 -m•RR (22)

ER
IR

4 (1 -m
4O E (- f (23)

EE

The symbols mR arid rmE are Poisson's ratio for race and ball. ER and
EE are Young's modulus for race and ball.

The relation between contact force and elastic deflection is nonlinear.

3iP ( 0R + 'lyE )  
K(F)

S=(24) BF~I
The mnaxi•u•Lmn normal pressure occurs at the center of the pressure

area and i6

01

2 Tiu b,

13



The equilibrium of the ball requires that

-Pi sin p, f p2 sin P2i + FxI cos 01  - FX2 cos P2 Fp X 0 (26)

-PI + P 2 cOS 2  F' sin P F S X snP 2  t FC + F 0 (27)
1 2 F z

d
(F cos F• - cos , F ) + OS srn•51  -Os sn . (28)

4 2

d(Fx + Fx2 )- his -% 0 (29)

( Fy sinl 3 F sinfa32 - F ) - I Cal
1 2 p ' 2C

-Qs2 c + mz 0 (30)

FPx and FpZ are pocket frictional fcrccs. *

The variables in the above set of equations are X] and X? and the
angular velocities .iX, ,L.y. and •; 7 . The equations are solved nurner-
ically. j
Figure 4 shows the bearing referred to an "YZ coordinate system.,
The outer ring is fixed while the inner rirng can move. The inner ring
can have three linear displacements, 6X, by, and 6Z, relative to the
outer r.Ing and is constrained from rotations about Y and Z.

The YZ plae in Figure 4 contains the locus of the inner race curvature

centers.

For arbitrary values of the three displacermients, there will be the re-
actions FX, 'Z., and My, which act in the directions shown in Figure 4,

Calculated as described L.nder "Analysis of Shear Foces on a

Lubricated, High-Speed Bearing Retainer.
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The values of A1 and A2 in Equation (14) depend on the displacements
at the innier ring center.

A, = Sd sin + 6 (31)

A2  = Bd cos3 5 sin ýP + 6 cos V (32)

B = f + f2  -1 (33)

cp is the ballazilnuth measured clockwise from the YZ plane as viewed
from +X.

The bearing reactions are:

r

F P [ 2 1 n'rC2 ~ F % CosP2 (34)1 J 2

I(P•-Cos +F2 - F cus + Ai (35)

i Fn fd sin s5,, sirs, (n137)
Y2j

where n io the nurriber of balls.

Aý, and A7, are zero for an outer-piloted cage and are nonz.ýro for inrner-
piloted cage; they arc calculated as follows:

2 " I -'
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Mi., does not enter into the calculations but is an item of interest.

Figure 5 shows the forces and mor-ents acting on an outer-piloted cage.
QV1 and QVZ are viscous shear moments. * PC is the reaction of the
piloting ring against the zage. F1 .' is a Coulomb friction force between
cage and guiding surface and acts at the angle 9.

5 PcH2 +v2-1 1/2

P H2 ] + /V (39)

n

HŽ. {j Cos 4P. - F Sr.' (40)

V F P sin P - F 'j 1 (41)
j1l

F F " PC (42)

,an - -0 (43)
V

Figure 6 similarly illustrates an inner-piloted cage. Equations (37)
through (41) apply here also.

With an inner-piloted cage, PC and I'F are reactive on the inner ring,
and Ay and AZ for use with Equations (35) and (36) are

Ay -= PC ( sin p- cos 0) (44)

AZ - PC (cos 0 in 6) (451

Calculated as described under "Analysis of Shear Forces on a
Lubricated, High-Speed Bearing Retainer.
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The requirements for equiliiriuxn of the bearing and cage system may
now be written:

Fx A Fx = 0 (46)

Fy 0 (47)

"z Fz ý 0 (48)

V - QV F • + [ p E " Fp d - 0 (49)
2 2 E I Z

D' is DI for an outer-piloted cage and D2 for an inner-piloted cage.
-X and 7'z are external thrust and radial loads.

Equaticns (46) throagh (49) are nonlinear in the variables 6x. y. 6 z,
and f! E. They are solved numerically by iterative procedures.

Ii

2(0



ROLLER BEARING MATHEMATICAL MODEL

The determination of the forces on the cage of a high-speed roller
bearing requires the evaluation of the internal load distribution, the
friction forces -n the EHD films at the race contacts, and the friction
and normal forces in the rollez to cage pocket contacts.

The c•Iculation of individual roller loads is made without consideration
of fi-iction forces in the race contact fiLm or in the pocket contact film.
This procedure is valid since the tangential friction force of the roller
against the pocket is small compared to the load at an outer-race

contact.

For an assumed value of roller orbital speed (cage speed) the internal
load distribution is obtained as follows. A first assumption of orbital
speed is made close to the theoretical value for no slip.

1 .2 Q (1.S) (50)

where 1' E cage speed

outer ring speed

2 - inner ring speed

a roller diameter

E = pitch diameter

S a slip factor

A suggested value of S for the first pass it: 0.001.

Figure 7 illustrates a typical radial roller bearing and shows the detail
crf the roller's profile.

Let A be the approach of the roller to the race body measured at the
midpoint of the roller's le:ngth. The approach is the same at all points

of the cylindrical surfac,!. The approach at a point on the crowned portion
is less. At any location A along the roller's length, measured from the
midpoint, the approach is

CF-:- x < F (51)
Lx •o r-

-A 2  fF 4 1RC- 2 (ZLýx - 0 N -,Rc __ - I) • xl<( )

2 2
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g j

Lundberg, Reference 7, gives the relation between load and approach
for a cylindrical roller of length I as

P [1 P .8864 + In (53)

where t
e R elastic constants for race and roller,

0E respectively, and are of the form

4 (1-m2) (54)

m Poisson's ratic

E modulus of elostici tv

P total force on the contact

bI semjwidth of the contact area

C length of roller

Setting px as the lb/in, loading at point x, one may write

p [ -1.8864 + In (55)
xx L -_x~j

b is given by

L 5R + '5E) Pd (1 t (E6
bx -- 2 /r(5 )

The upper sign is used for an outer-race contact and the lower for an
inner-race contact.

j' is the distance from the roller midpoint to the end of the contact

area.

22Z2 2

RR 2 -_+ (57)

if I" from Equation (57) is greater than LiT, ' it set equal to iT

S23
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The contact force resulting from an approach t0 is

e
P - 2 / pdx (58)

/0

Equation (58) is evaluated numerically by Simpson's rule. in the
process of evaluating the integral it is necessary to assume discrete
values of x and to calculate the value of px" From Equations (55) and
(56) with A known,

x

d x - _' ( OE 1 %.3864 t In (59)
dpx 2f-I L

An assumption of p is made and the corresponding A calculated from
Equation (55). An improved value of px is

p- - x x (60)

The process cz.rn be repeated until p is to the desired accuracy.

Figure 8 ehows a roller in contact with both races and acted upon by

centr.fug•.l force F - and contact loads PI and PcI2

Assuming that the shear forces due to the pocket contact aie small with

respect to P 1 .
- q + P2q Fc = 0 ( )

E 2

S-m E (6Z)

where m R Ma os of roller

QE - orkital velocity of roller

0 1 + qo2 ý Lq (63)

24
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Figure 8 also shows the numbering scheme for the roilers in relation
to the displacement 6 of the inner race with respect to the outer. The
azimuth of the qth roller is

2 rl (q 1) (64)
Cq n

The total approach of inner race to outer at the qth roller is

~PD
A = 6cos '0' - 1 (65)

2

where P = pe~sting diometral cleatance cf bearin'n

A = elastic approach of roller and race at outer contact01

1ýo2 = elastic approach of roller ý,,d race ct inner contact

For an assumed value of bearing displacement 9,, Aq can be calculated.

An estimate of AOl is made and %, is given by Equation (63). 1q

and Pq can be evaluated and scvbstituted in Equation (61). In general,

1•Equation (61) will not be satisfied and the residue ' exists.

-P 1  + P + F (66)
q q c

An improved value of 0 is
So01

S= a - " (67)
01 o1

dP

d'F P q dP 2 q

d601 di CL0

26



The dei ivative of P with resoect to the corresponding o is of the form

d
dx

22

Repetition of the process leading to Equation (67) enables 0 to be
determined to any desired accuracy. 1

The reaction of the bearing io the displacement 6 is

A

F 7: P 2  cos (70)
q

Equilibrium requires that

- F 0 (71)

where F external radial load

"or an assumption of 5, 1!quation (711) may not be satisfi-ed. An improved
value of 6 is

(F - F)
-(72)

(dE

n dP 2  d° 2dF S N q 2q 2d_ F : _ aoS (73)
d6- dA dAq 'q

q

Z 7



Differentiatinj Equations ,61) and (63) with respect to 6 ,

dP 1  dA, a dP 2  dAq (74)
dA0 -q dAq dA dqA

°q

dAi dA°2

01 02
4 + q 1(75)

dA q d Lq

From these is obtained
-- dPl

dAdA 02q

02 0 q (76)
_ dP, dP 2dA q - q

dA 02 d 02
q 2q

Figure 9 shows the forces acting on the roller which arise from the
lubricant effects. These are assumed small in comparison with P1 .

w and U,2 are the velocities of the outer and inner races with respect
to the cage:

- , 2 (77)

where Qi angular velocity, of a ring relative to ground

ý- E angulur veiocity of ihe cage relative io ground

The linear velocity of a race relative to the cage is

uyi ( + 2 , d 1, 2 (78)
2

where C 1  I for an outer contact

C 2  1- for on inner contact
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The evaluation of the integral in Equation (58) by Simpson's rule
requires the establishmnent of an odd number of stations over the contact
length. The stress conditions and the sliding velocities of race on

roll at these stations will be utilized in calculating the friction forces
in the ,HD film.

The rnaxixturn Hertz pressure at any location x within the pres3ure
area is

S - . (79)
Mx t "T b

For stations within the cylindrical portion of the roll, the radius of the
roll is

d
S- (80)rr 2

For stat.ons within che crowned portion of the roll,

rrx d2 2(1

The linear velocity of the roll at any station is

UR Ci 1, 2 (8 Z)
1(.

where cx is the angolar velocity of roller about its center

The slip velocity- of race on roll is

USX U - UR 1 1, 2 (83)

I 3
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The minimumn film thicknepn at any station is*

.7
1.6 R~43 6 ( ri1.6 Rxi a' W lu i

hx.13 -i 1, 2 (84)

where RX the radius of a roll hnving the some conformity with
I regard to a flat plate that the actual contact has

x - , 1 1,2 (25)

(E t Cid) rx

L Z: the preý,sure-viscosity coefficent of 'he lubricant

Wo 0 thelubr icant viscosity at inlet temperature

Ux. the average rolling velocity at the station
I

u, 2 'Uy, x) (86)

8
E (87)

The friction or tractive force generated in the EHD film depends or
the coefficient of friction at the various stations along the contact
length.

*Calctulated as discussed tnder "Elastohydrodynamic Traction

Coefficients'
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A computer program provided by the Air Force Aero Propulsion
Laboratory and Mechanical TFchnology, Inc. calculates the friction
coefficient as a function of thrce parameters: G1 G2 and C3

GA JUs~j
GS (88)- mxi h i

2x GBUs (89)

G3xi J3 S- (90)x.

where

.6 .7

GA 3 H(9')
GB __3 (923)

1.728 KF

G3 930 a (- 86) (93)•3 = 546 (TI + 460)

e3 (T2 1 86) (94)

The tractivf force is obtained by numerical integraition of the following:

FT -- 2 Px p dx (95)

0
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The derivative of F with respect to uX will be required. These1

are obtained by calculating FT values for w + Aw and L - 6u) and
T X x X X
I

substituting them in:

dFT (FT ) + awx - (FT )

wx 2 (96)

Turning now to the pocket contacts, the following expressions for Fp
and F V are obtained* (Figure 9 also shows a roller in a pocket and those
forces acting or. the roller from the cage):

(d~2

2.447 ( x 2)(7Px h (97)

3/2

Px

Along the cylindiical portion, the film thickness i3 h When x > F
the filrr thickness is PO__ _ _

h hp R 2 . .. ) - - 2 (99)P-. P, r _ C.

The pocket forces are outaintud by r numerical. integration .)f

/ ,

Fp = 2 FP' dx (100)

0

*Calculated a-3 dehcribed u(ider "Analysis of Shear Forces on a

Lubricated, High-Speed Bearing Retainer.
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F Pi

h p2. x FP 2
F

P 2 2

\.I

Y19igre 9. Roller Pocket Forces and Cage Whirl I"orLCg.
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ard
T

F F d (101)
VX

The derivatives of F and F with respect to w and h are required.
p v x 0

dFp Fp
p- (102)

d F v F ,
S- V(103)

Differentiating Equations (97) and (98) gives

i , 2

P& 2 (104)

Px

. dx
dF"v -. 2741 p w -10
d h 3 '2

Px 
hpI

Then the required derivatives are (

dFdFpx d 10

dh 2 dh
dPo PO
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L-ý

g -IT

0 iI

d F d dF" = 2 x __• d (107)
dhp do h°

"The viscous drag on a roller orbiting at high speed is-:-

2

F - z lID , I PE (108)
64 ~

where P : lubricont density

Z rodial riding cleorance ut outer pilot surface

z 2 radiao r:ding c!eorance at inner plot surfaoc

D. bore (if outer ring

c = outsidC dianietui o; cage

D2 - outside dio-meter of inner ring

DC2 bore of retaiie.:

if z the cage is inner- ring pilotEd. If ZI <7 the cage ie

oute r- ring piloted.

From Figure 9, assumning the forces F or F are small in conipari-

son with P1' let

(1) F + rT 2 FD (109)

::'Calculated as deacribe( uuder 'Analysis of Shear Forcei on a

Lubricated, tligh-Speed Bearing Retainer.
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If 4ý >0, the roller contacts the leading wall of the pocket and drives
the cage, and the value of an index, I, is 1.

If • < 0, the roller contacts the trailing wall of the pocket and is
driven by the cage. The value of the index is 2.

F and F need be calculated only for the end of the pocket correspond-
irIPg to I. VThe forces at the other end of the pocket are negligible due
to the pocket clearance, which is large compared to the lubricant film
at the I end.

Two modes of operation are recognized. In the first mode the roller
is in contact with both outer and inner ra.ces. In the second the roller
contacts the outer race only. In neither mode is the angular accelera-
tion oi the roller in orbit or about its own axis considered. In other
words the transition from motion with contact at both races to steady-
state motion with outer-race contact only is assumed ,) be instantaneous.

When the roller is in contact with both races,

F - IFT 1 FT, - F 0 (110)

Equation (1 10) is calculated using an assumed value of1_, u . For the
first pass, ,) is obtained from

x

X I - E (E + d) (I11

d

Equation (0 10) is also evaluated using an assumed value of h , and
p0

E-,quation (lO) 1 ill probably ha-ve the ittidue .

An improved value of h is[~POI

h 2 h -(112)P~ /d 3
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where

dT dF
d 'd PI (113)

dh dh
PoI PoI

Repetition of the process yields h to desired accuracy.

I

Taking mnoments about the roll center,

- Fd 0 (114)
I TF2 2

For the initial assumption of U) , Equation (114) will not be satisfied
and there will be the residue ,x. An improved value ofu is

x

,d dT
x x d

d'V dFT dFT dF dFVl dh
_2_i - P ° (1 1 6 )

d A d w . d wo d ,. d h d .,

where IPi

/1

d h P dw'

P dF (117)

dh

3 7



Repeated application of Equation (115) yields w to desired precision.
After each pass the process returns to Equation (82).

The solution for the cast of outer contact only is solved in a similar

mariner except that F and its derivatives are nonexistent.
Y2

The viscous drag force between retainer and ring is, from Reference 3,

2 7./4
L, A, Uj3. 4 1 /4

F 008 S,/4 _ _ _ (I18)

where _ = lubricant dens. ty

mu lubricant viscosity

U sliding velocity of ring on cage

A om total guidng crea

Z 1. 2cage ring diametral cleuronce

U wE) UL i 1, 2 (119)
2

The torque on the cage due to viscous drag is

2

Q. 2 FR CQ (120)

"The total horizontal and vertical loads on thc cage due to pocket forces

are

H C• (F Cos ýPq 4 F,. Sir. l1• (1 21 )I' q l1 q q
q -
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Z / C_ q (F sin F s
q = I

Figure 9 shows the reactions of the piloting surface on the cage. The
radial force consistts of a component, P, and a centrifugal force due

to cage whirl with a rotating load. From Figure 0,

Vi- f" (P -t Fc) sin 0 - (P + F-11 cos ( ý 0 (123)

H - f (P + C) cs G - (P + FC) sin C = 0 (124)

U,-
- fir (125)

where fr coefficient of sliding friction at the pilot interface

J I for on ou-er-riloted retainer and 2 for or, inner-piloted retaintr

m. Z~J
rn 71,2 (126)

2

mc c moss of cage

Wo speed of whirl

From Equations (120) and (121),

(f V - H)
tonC~ G- (f H + V) ( )

HS---- - F (128)
i cris 0 i sin G
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The total torque on the cage may now be evaluated.

- ii c. (F E+F,, D, f, (P+FC D + (QlZ9)Q = 2 q L PI q iq c2 C" ~2

The cage speed is now decre.nnted and the value of Q recalculated.
ThiE is equivalent to returning to Equation (77) with the new value of

The decrernenting process is continued until Q changzs sign. The
method of false position is then applied to drive IQI to a satisfactory
minimurn.

I
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ELASTOHYDRODYNAMIC FILM THICKNESS CALCULATION

The rninirnumr EHD film thickness is calculated within the computer pro-
grarut by a subroutine provided by the Air Force Aero Propulsion Lab-
oratory and Mechanical Technology, Inc., in accordance with Reference

11. The fundamental relationship employed is the Dowson and Higgin-
sonI equation as indicated below for cylindrical contacts. Ball and roller

race contacts are reduced to equivalent contacts in the analysis by
dividing the contact zones into strips.

ho - 1.6 R [-][ j (130)

[EA]

where o pressore coefficrent oi viscofity in.] 2

E " -

2ER 2EE

m Poisson's ratio (rolling element, race)

E Yo'ung's modulus (rolling element, race)

PC viscosity ct ambient pressure [ lb-sec_
and film inlet temperature L i. 2  J

_1 [V VE velocity term in-

2 se •.C

R [ .. . equivalent radius in]

k E

%% load per unit width of contoctL
-in.

h mininiur, film thickness

41



The application of this equation to ball bearings requires the establish-
rnent of various k-neznatic and geometric parameters that will be devel-
oped here. The general case of ball motion occurring in a high-speed
angular contact ball bearing is represented in Figure 10. The casc de-
picted is with the ball fixed in the plane of the paper with relative outer
and inner ring speeds of -D and iZ, respectively. As indicated, the ball
is free to rotate about all three axes.

The operating contact angles at the inner and outer races are unequal
owing to ball centrifugal forces and gyroscopic mnoments. As is evident,
the relative motion between ball and race at each contact will be a corm-
bined rolling and spinning action. Proper calculation of the EHD film
thickness in these contact areas must confide," this combined motion.
This was accomplished by dividing the contact area into a number of
strips parallel to the y axis as shown in Figure 11. These strips are
treated as individual. cylindrical contacts rolling in the y direction.

Figure II represents the contact zone on the race, which has a velocity
due to race rotation of

(YL E C d corf (131)

where i 1 des:gnores outer contGct

i t • designates inner conta•l

C1 sign terms

C2  I

and Q Q-

wQere 01 r~ng speed

- inner ring Spii-!

•2. rel,.iner speed

42



dI

2]

/

_ _ __ ____,1

Figure 10. Ball Motion Occurring in High-Speed Angular-Contact
Ball Bearing; General Case.
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and an angular apin velocity relative to the ball of

C= ,H- , - j (132)

Combining these two velocity components, we can now calculate the
velocity in the y direction of any point on the race contact by

VR YR _ X Coi (133)

The velocities within the contact zone on the bali as shown in Figure 11
in the Y direction can be calculated from

VBI V CidB, -- , W cosP, - W2 sirO') (134)
2

The race radii of curvature in the plane of. rolling required to calculate
the equivalent radius of contact against a flat surface can be stated aO

R ( E . C'd) (135)

and the ball radius of curvature

d
RB (136)

1 2

Finallyv, w , the load per unit width of contact, can be found from

3P )

W (137)
4u a2

The filryi thicknes.s is calculated for each strip in the contact, -a<x <a.
and the rninixiium value, all strips considered, is presented in the corn.-
puter output as the mininiurn thickness for the contact.

The appiication of the Dowson and Ifigginson equation to cylindrical roller
bearing contacts is treated in the sazne mariner as in the above ball bear-
ing method. The roller bearing case, however, is simpler because of

h, ncac .- ii
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ELASTOHYDRODYNAMIC TRACTION COEFFICIENTS

Traction Model

The mechanics by which EHD oil films are generated in heavily loaded
rolling element contacts such as those encountered in ball and roller
bearings is -well understood. The magnitude of the EHD film thicknesses
can be accurately calculated using the Dowson and Higginson equation as
indicated in the previous section. This is the case even though the
analysis is predicated upon iaotherm-,al flow conditions, because the film
thickness is determined primarily by the oil properties in the inlet re-
gion of the contact where the oil pressure is nearly ambient, and the
oil temperature is approxiimrately the same as that of the rolling surfaces.

Traction effects, however, present a more complicated picture to be
analyzed in that the t-action forces transmit.ed by the contacting sur-
faces are strongly influenced by the rheology of the fluid within the
film. In the race contacts, high Hertz pressures are ir. effect accom-
panied by appreciable sliding with the attendant heating of the oil filmi.
The rheological behavior of the lubricant fiLm in the contact is strongly
affected by these elevated pressures aid temperatures. Currently, in-
formration re:garding the z,}ie!r propertiee of lubricant films under theie
high contact pressures and sliding velocities is incomplete, and sufficient
understanding of the rheology of the lubricants in this regime is not
available to produce analytical solutions.

The traction coefficients appearing within the cGmputer programs were
established with the use of computer programn subroutines BALFTJ and

TRAC provided by the Air Force Acro Propulsion Laboratory and
Mechanical Technology, Inc. In these subroutines, sliding frictional co-
efficients were generated based upon the experimental data reported by
Johnson and Can-,e ri,-h. T'. apply this experimental data to a wide range

of load, speed, and lubricant paranieters, an analysis of friction similar
to that developed by Crook4 was conducted by Mechanical Technology,

Inc. , to identify the pertinent dimensionless parameters governing fric-
tional behavior.

The results indicated that the friction coefficients are governed by
three dimjeisionless parametere for a given inlet temperature and
lubricant.

46
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"l -o I's
G1. 8 Kf

G3  a 0 PHz

whe re -- inlet viscosity

us sliding speed

I1 maximnumr H-ertz pressure

110 fiL-n thickness

=temperature viscoi~ity coefficient basud an the
function used by Crook

Kf thermal coiiductivity of the lubricant

ao pressure viscosity coefficient based or the viacosity
function used by Crook

Physically, G1 is a direct measure of the shear rate effects. whereas
GZand G03 nca sure the thermal heating effects and the pressure-visicosity

effects respectively. With the use of these thrce parpmetcrs, Johnson's
experimental frictional coefficients were plotted against 01 for a constant
G2 with G3 as pararreter6. Typical graphs for a low and high value of G2
a re given in YFigures 12 and 13. Portions of the curves, are extra polations
of Johnson's data to cover broader ranges of speed, load, and lubricant
p rope rti eq.

It is seen that it. small values of G~, fa13 curvee have a (.onstan -slope.
This corresponds to the fact that at smazll sliding speeds the fr ctional co-
efficient varies lirnearly with sliding speed. In each graph, all curves
nnerge. at la i-ge -alue& of G, to a comrnnon value, which is the ''ceiling:'
found by Johnson and Camneronk and also by FlintP The ceiling, decreaaes
with incie-asing G2 . The cxlsten,ýc of a ceiling in fr-iction 9uc,;,,~sS that
there i., a limniting shear titress in a lubricant filiw.
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It should be noted that all the frictional coefficient graphs are for a given
inlet lubricant temperature, 300 C. Change of inlet temperature affects
the frictional coefficient due to the ca,-pendence of the limiting shear stress
upon the inlet temperature. Johnson and Cameron and Plint investigated
this inlet temperature effect. Pli 's experiment shows that the variation
of frictional coefficient with inlet tenpcratir., is approximately linear,and
the slope does riot seem to vary much with e,.ther rolling or sliding speed.
The slope Aas found to be -0. 001 per degree -F ,,hrenheit. This relation-
ship is used to predict frictional coefficients for inlet temperatures other
than 30 o C.

Tractive Forces and Spin Torque

To facilitate the general kinematic solutions desired while accounting for
gyroscopic slip and hall 3pin, it is necessary to calculate the tractive
forces between the balis and races with the assumption of motion about all
three ball axes. Figure 14 illurtrates the velocity components active in
the contact a reas on the ball, and race of a common contact. Each ellipse
is divided into, a nLunber of strips parallel to the direction of rolling
(Y axis). The diicnsions a and b are the erniimajor and the semiminor
axes of the contacf.-, respectively. The sliding velocity in the Y direction
at each strip can oe found fromn Equations (133) and (134) and is

u y VR - VB (138)

With this sliding velocity established and the Hertz stress, iubricant pro-
perties, an,. ElIPD film thickness known, the tractive coefficient f for
the strip carn he calculated with the procedure previously described. T he
tractive orce acting on each strip in the y direction is

dF 2 -r y' d (1 39)

where y'- is the se.±mistzip width dimension as shown in Figure 14 and

2 . .. (140)

502y
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I CONTACT AREA ON BALL

x DIRECTIN OF ROLLING

yI

COP TACT AREA ON RACE

VA^R

Figure 14. Velocity Corn puncnts Active in• Contact Areas.
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The total tractive force for the contact at the y direction is the sum of
thie tractive forces Yvithin the individual strips, or

F~1  2 T do fwdx (141)

-CJ X -

The shear stress in the x direction is calculated with the assumption
that the ratio of the two mutually perpendicular shear stresses is
proportioný.l to their shear rates. The previously defined strip is then
further divided into differential elements to evaluate the velocity varia-
tions along the Yaxis as shown in Figure 14.

The refore,
Tx 

U S(

US 
Y

x -! VX - 8

S 'I Y (143)

"where "

is the velocity at each element on the race relative to the ball owing to
ball r•pin and

V - (1451
'• Y

is the vulucity of the ball relative to the race resulting irorn gyroscopic

precession of the ball, The velocity component J)y is the ball angular
relocity about the axis dictated by the ball's gyroscopic movement and
is one of the independ2nt variables eniployed in the overall iterative bear-

ing solution.



The total tractive forces in the x direction can be written

F Ixg dy dx (146ý

The spin torque normal to the contact ellipse can be expressed as

]S fwxdx -T] ]y ydyd (147)

Lach of these integrals, Equations (141), J1,1,6), cand (147), was
evaluated nurncricafly in the subroutine BALF'rJ to provide tbc tractive
forces and rxionncnts along with their der'vatives with respect to the
velocity conmponients and normal contact loads needed for the computer
analysis.

Tractive forces and derivatives for the roller bearing contacts were
calculated in the samie mnanner 1r. the subroutine I{OLFT N' subje ct to
thLe simnpli.fication of zero spin velocity and torque.j

.Tractive InstLability

The most significant difficulty encountered during the comrputer program I
development stirn-s from the rhe-ological behavior of the fluid and the re-
sulting traction forces developed at high slip speeds. At high values of
GI , the slope of the traction curve in Figures 'Z and 1 3 becomes pro-
gresseively flatter, and finally reaches a zero slope at the ceiling, i. e.
the limniting shear.stress is reached. In this regime. changes in the
sliding~ velocity do not strongly affecc the tractive forces generated;
onsequently, all derivatives of forces and mnomyents with respect to the

velocity con~ponents are nearly zero. This behavior creates a bre3kdown
within the iterative procedure because velocity changes are not then
affecting bearing tr-active forces, and the load adjustments with velocity
changes required to achieve solutions a re not forthcoming.



Another phenomenon that caused problenms at high slip rates is illustrated
in Figure 15, where tractive force is plotted against slip velocity directly.
Note that at low slip rates the tractive forces increase with increasing
slip rates, while at high slip rat:'s the tractive forces decrease with in-
creasing slip rates. This decrease in traction with increasing slip rate
is primarily the result of heating of the oil film with an attendant temper-
ature increase combined with a strong temperature dependence of the oil
viscosity. In this regime, the heating effect overrides the increasing
slip rate to produce a net decrease in traction.

This effect produces a surprising result when combined linear and spin
slip velocities are superimposed on a race contact. in some cases, the
computed reactive spin torque on the ball opposez the spinning velocity,
as one would intuitively expect. However, in other cases, the reactive
spin torque is in the samrie sense of the spinning velocity; i.e., the cal-
culated reaction torque is -n a direction so as to accelerate the spinning
action of the ball. This anomaly can be explained by considering the two
points A and B on the tractive curve, Figure 1 5. Point A is in the regime
where shear rate predominates over tractive behavior, while point B is in
the regime where thernmal effects are predominant. Consider rpce con-
tact as shown in Figure 16, with the ball sliding in the y direction with a
sliding velocity V . The tractive force picture in the contact for this case
v.'oud bc as :-dica:ed in, 'ig u lC. if drigular velocity is now super-
imposed, different tractive profiles are obtained as indicated in Figure 1"7,

depending upon whether we were initially operating at point A or B. In
this •riarnner, "he torque reaction to ball spir can either oppose or reinl-

force the ball spin velocities, depending on whether the dominant slip
velocities are on the increasing o, decreasing section of the traction
curve. This phenomenon is not fully understood at this point, and it must
be remembered that the base friction data have been obtained in cylin-
drical contacts in the absence of spin.

This tra;ction behavior certanly imr.plies that the ball motion .o:uld be un-

stable in these regimes and solutions are unattainable. This phenomenon
hampers convergence not only when the desired solution is in the unstable
regime, but also if these instabilities are encountered during intermnediate
passes through the iterative loop for a case which ultimately is stable.

To study this traction-slip behavior in depth, an aiixiliary computer
program was created. The program treats a single ball- race contact
for 'kohich thý, linear and spinning slip velocities are introduced. The pro-
gra•h first calculates the tractive forces and monents resulting froijn
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Figure 15. Tractive Force Versus Slip Velocity.
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the input slip values, increments the input velocities a sxriall amount, and
then atternpts to iterate back to the initial sliding velocities while know-
ing their corresponding tractive f.rces and morm ents. Iii this manner

the areas of instability can be established as a function of linear and
spin slip velocities.

The program inco,-porates three options to consider different traction
versus sl.ip relationships. The first relationship uses the aforementioned
Johnson empirical data integrated into a table look-up/interpoiation sub-
routine FRCTN written by Mvechanical Technology, Inc. The second
relationshiip is an analytical function that was derived to lit the FRCTN
data by scaling and shifting of G1, G2, and G3 tern s. This smooth
analytical function was formulated to elimiinate any local numlerical
discontinuities that could creep into the table look-up interpolation pro-
ccdure. The following analytical e-presston resulted;

- (73 6 
-.22 -

G 2 
G 4 8)iG \-.17; -~7.4 i og~ (j .

I IGIwh ere c

v.hich reprcL;. .nts, i•elatively well, the- trends of the charts prepared by

.CC(:• ijli•iCdl Tec},nolopy, Inc. ilow,.ver, the d.)evi;ýtion in the absoluite

value of the tra ction coefficientS, can be relatively larie. The third

rclatioth•}lip i., a oenerdil power Ia,., fun -lion cl the typ(e

f = C 1  Ile (149)

Cas'..s o1 ,rlbired liear and spin blip up to 10, 00{j inche)s per s,:cond

;i•fJ 1, 000, jO()J rp , rspectively, were investivated. TI itl•: I

th ,-ug [" IV r-: .nt the" results in .i ,-jt!ix ( of ]i;.(:;!: versus spiu



Slip velocity indicating the number of iteratione required to achieve the
back 5olution. Thce letter "D" that appearvs in some positions designates
a divergence in the iterative process and is indicative of the tractive
iniistability.

The test case used for the study is typical of ball bearing contaris with
a semirnajor axis of 0. 050, a semiminor axis of 0. 005, and a Hertz
pressure of 150, DOC psi.

Table I pre .ents the stability picture for the FRCTN4 subroutine. As
is evident, instabilities for the case studied occur at riioderate arid high
spin slip velocities and do not seenm to be as strongly influenced by
linear slip. The constant divergence at 1, 000 inches per s econd sliding
velocity at all spin slip velocities does not seem to follow the general
trend depicted.

'Fable II is the result when the smooth analytical function is used in-
ztead of the interpolation procedure for the samne empirical datza. The
result is generally the samne with an appa rent slight improvement at
higher linear slip velocities. The strong instability previously seen at
1, 000 inches pcr second is not present. The nature of the stability maps
indicates that, in gent:ral, as the slope of the curve (Figures Z and 13)
diminishes, the instability tendency increascs; therefore, some
further studies were conducted with various slopes. fhe subject curves
being log-log plots of traction versus Gi imnlies that the slope of the
curve is dictated by the ex:ponent ternm e in Equation (149). Again referring
to Figures 1I a~nd 1 3, the slopce of the rtraight-linfe portion of the curves
at lowv va luee, of G, has i±n e cqual to 1.0. As the slope becomes pro-

gressively flatter, while G1 is inc reasing, the value of e is dlecreasingI
and approaches 0. Tables III andr JV give the results when the power
law, Fjua tim:) (149), is used] with c. va hues of 1/4 and 1/12repcily
As is evident, the greater the value of r(greater -slope), thle greateri the
s ta bility. In addition to investigatny the effccts of (-, a nownber of nune r-
ical values for Cl we vr e also run. liessai1ts indicated that sta bility of the
systeni is niot a 'unction of C,, ,-Ihich otjls, the 1macný11itLICIL Of t0eC
tra ction coeffic icrt, but, as intuitivelV expectied, is a strong f-mrtion of

th'ý t raction coefficie!nt'b relation ship to t~he s lip velocity.

R{oller Be a ri n T ractivye Instability

D~i Uic uhie s eic ounte red w.ithI noricorv e rvenrce of thte ball Leatring p rog rarr
were- al&so p resent in the roller Lea ring programr. As *j rcsult, thle powerU

law function for friction, dJ veloped p re vious ly foe the, bll Learing pro-
graiin, -\as atdopted. The roller Lea ring prog rarre was9 thuM; dcvd:opel- an,]
s ol uti ons fur all cases inpu ttvd v e rere i-'d



TABLE 1 STABILITY MAP - FRCTN SUBROUTINE

Linear Spin Slip (rpm)

Slip

(in. /scc) 0 10 102 100 106

0 - 1 3 D D D D

z1 1 D D D D

10 4 4 6 D D D D

102 3 4 4 4 13 D D

10 3 1) D D 1) D D I)

10 6 7 7 7 D 1)

- Values indicate nurnhe uof iterations required for solution

D - Divergence in itcrati,,c p. rocets

7
IA •JJ 11 ,II'AMIi.,[lI NiAl- -ANALjYI'i(JA, ON 1 I.lI. N

FROM FRCTN SUBt'OUTINF,

Linear Spin Sli;, (rpn)

.Slip

(i ri. /6c) 0 10 102 103 14 105 10 6

- 2 2 3 3 D Dl
S6 9 I) 1) 1) I))

1 0 3 4 ) ) 16

10 5 5 5 6 I) I

I0 7 7 6 C 8 D

1 u 1 i l1 1 2 g L] ; 9 ] r)]

VZ, V lucs iindjic.,, .Axbr;cr ot ite rations rIqui,.u, for solution
1) - Di v(_rKelc( if int:rati,.,,

-- --, _ __ _ _ _ _ _
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TABLE III STABILITY MAP - f = CI GI 1 /4

Li nrear Spin Slip (rpm)
Slip

(in. Isec) 0 10 102 103 1 1o5  ot10

0 2 2 3 3 4 6

3 4 5 D D D D

4 4 4 5 D D D

102 4 4 4 5 6 D D

103 6 5 5 5 5 6 rD

104 9 ° 7 7 8 7

V- \Jalues inchc~t,. rwumbcr of iterations rcquircd for soiution
D - Diver,wrnce in ito ra)tive- proccs. ,

TA1A,1t. 1V. STABILITY MAtP - f - CI Gl

Li1r 'a r Spin Sjip (rprn)
sip I

._.(j.,,.1 / ,c ) 1 l z ]l% 104 19or 10(

I 34 9 3 9

10 4 4 '1 ,1 9 1 1 13

10g 4 4 .i 4 5 9

L7 - V0, iv(. indicat.h- rt;l ),1 01 it,-;i n rfl , lrt'. -ýi f"or .) ,ri-1

(.I

_.I



ANALYSIS OF SHEAR FORCES ON A LUBRICATED, HIGH-SPEED

BEARING RETAINER

Until recently, very little attention has been paid to the effects of the re-
t-iner on the operating characteristics o" a ball or roller bearing asseni-
bly. A knowledge of the forces o.n the retainer is important with respect

to both their effect on the dynamics of the other compor.ents of the bear-

ing and their influence on the life of the retainer itself.

In this section, simplified analyses are developed to estimate the ihear

forces imposed on the retainer by retainer- rolling element and retainer-

race interactions in a high-speed oil-hLbricated bearing assembly. These
anaiyses require geonvctry, speeds, lubricant properties, and norimal
loaiAng as inputz:, and ce intended to provide relationshipo to be
ircc-porated as subroutiies in a bearing dynamics ana!,isis. Consider-
ation is gi-ven to ball arid roller bearings.

Traction and Load Analyses for Retainer-Ball Contact

Sirnp~ified relationships may be presented for predicting the 3hea r forces
or, the retainer v.hen in hydrodynanmic contact ".vith a ball. A scherniatic for

a single bail :n its pocket is shown in Figure 18, Th2 bail irnparts a
norrrial load W to the retainer in the direction of orbital motion. For

an angular contact bearing having angular velocity components ill and
ii -(Ii is neglected) and a given lubricant and given geornetry, it is

desired to dtemrn,ine the relationship between the vertical and circum-

ferential tractive forces F, and F? and the load W.

"jevehpnLent of Analysis

Tan:,lysisý of the ball-retainer contact %kill start wiha ((ew, basic

as stiini )tioris:

liyyl rudynyngnic torces at the cunta ct can be d'cyribed by
Reyrjds equation for steady, i'oviScous, incompressible,
lan~inli:r !.tow.

2. The rai~al : I;i ra ne C . as s Jd la rge c om-pareud with

thi: n,•inw, ri liI; thict'nlse ho arid smncll co!]pareCd with

the l.a- l 31 ,1.u

3. lie ball-retainr cintsct v.ill te coj:sidercd rigid as
po.sedl [, "-", I ).
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The Reynolds equation for steady, isoviscous, incompressible flow
i6 given by

'• ,h3 ',P N I , h3 ,"p &-. ;u ,h 6wu ,•Ii7yk "-"'d (1 50)
7/~ ~x 'IY Y d y

If ho/- c . 1, the load wi'l be supported in a very small iegion in thc
neighborhood of th.' point of contact (x = y n 0). Eauh of the surfaces
can be represented by its quadratic approxiiation, thus giving a
filr.m thickness shape of the form

h 0 2 - Y2b Y 1 - 1)

2R% 2 ( RE C

or appruxinatvly,

S ho • 4 __ \ - (151)

2R 2RE R E

"Ihc su rfac t: v .jlcitv u, is- iven by a - R7 M , and if hO/C is Sl-,all,

the v,'ocity t1y xmaV be appruxin.iatcd by the con.1!tant vlue I y - R2 1

l-q uat ion'i (1 0) and (I 11) n y : I )(- put into convenient dimcnsionles s
forl;, by SL.u II titutirlg thl: dill, .nsionles•3 va;riables

x

6 R.1 /R RL

h h~ h
0

fur tih, I,. tiv, ,J i1 mci la l (,,,,1t ili,.s ill .q•Zt I1s (1 5U) and J1 '1)

obt' in the I.qyI;ti)M
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'~3 C~ J- Q2 -

hi

a~,1  RE T1 Q-, If R RE (1

F

whe( re

h l a 2 T12 
(i5 )

In accordance with assumption (s), terms of order /7TR are neg-
lected to obtain the approxin-ate form of Reynolds equation

h -- (153)

The usual downstream fiepa ration condition is imposed on Equation
(153), which requires the pressure and pressure gradient to vanish
simultaneously at some point downstrean, of the center of contact

- 1 (I )- hience,

_ d 0 (1 p)

Cd ,
Ct £ - - •I (rfl.

We may now integrate r.quation (153) with respect to F subject to the
boundary condition giver by Equation (154) to obtain the equation

I -2

d, (155)

It can be ceen that the pressur- gradient dies out at I /4 as a be-
comes large. The upstrean, edge of the retainer x - - t r/z

corresponds to a value of ý ; tr/ (Z ./ -2 lh-o). which will he inuch
larger under the general range of c:orditions of interest than the
v&lue of ' rcquired for the pres sure to approach its lit ,,ing value;

h ,nc e , wm ray invoke th e ourd1 •,ry condition

h,, p 0 (1 -3 )



The results of this analysis will thus be independent of the width

of the retainer. The two constraints imposed by Equations (154)

and (l5() are suff'cicnt for deternmining the constant of integration

a ssociatcd with Equation (155, the separation point F (n), and
hence the pressure profile " (n).

The pressure protfte satisfying -quations (154) and (1 55) is given by

2 i ,2P (,f, ______ d,5 (1 57)

', 2 2)

and (;,) is dctu rn)ined fronm EQquation (1 56). The rcult is given

II

S 0.4751 r,2 (1 58)

Film Thickness- Load Relationshin for Retainer-Ball (7Cntacts

din.,:nsionless pressure profile at . 0 p ) (, 0) is shown

graphically in Figure 19. It can be seen that the pressure dies out

rapidly in the inlet region and at 3 is 10 pei'cent of its peak

v;Ile. hlence the error in pressure introduced by cur upstream

boundary approximnation will be sm•.all if tr/(2/ -R-K-o) > 3.

'1h(. pressu re at any V;jlue of ris given by

22" .~ V02 (1))r , • ,: ; ',i1 1 3 2 , 1, 0
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Equation (159) may be integrated with respect to F over the interval

- <F <- to obtain the dimiensioniess load per unit length P (i),
which is given by

- jr
P' d 0.2040 (i

and th,- total diziensionlevs load W may be obtained by integrating
P (r,) over all r, (-; <i -c). It can be shown that the error intro-

duced here will be oi the order of /h /C.

The dmicns ionlebs load \V is

Sp ,,) di 0.640:'

and the load-filnm thickness relationship in terms of physical pararn-

eters is

• KC)C~~ (160)

r"here Kw, 10-87

"Traction RdtaLion hiris

The shear stress relationships on the rutaiicr consistent with lub-.
rication theory for isoviscous, incompressible flow are as fo0llows:

Vb



h 'Ip 'Ux

xz 2 oix h

y2 zy 2

The above equations may be put in their dim ensionless forn-:

- h, 1

3 ,- - (161)

E

-o 3h- - - (6I)-• _ T 3 hl. 1- • Z)

The first ternr onthe right side of Equation (16Z) is of the order /-C.,tRH,

and will be neglected. Equation (J55) may be used to replace

the pressure gradient appearing in Equation (161).

The resulting shear stress equations are

g2 _ 2.,1

1 ___,_ __- _ (163)

- 1 2 .:., . 2.
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-u n- -- - -- -- =-

and
1 (164)

The sh,-ar stresses die out as the reciprocil of the square of the

coordiratc variables as they get large. If integrated over an in-

finite arca, the tractions will diverge logarithrnically. Rather than

introduce ne. paramneters into the system to limit the area that
StrtCSses4 act upon, it is con\enient to define an effective length in the

y direction and to consider vaxiations in shear stress in the x direc.-

tior. only. In other words, an effective length wvill be used to treat

tl. c traction probl cm- as one of lubricated line (rather thlan point)

conLact.

For the cas: of a roller bear rn, line contact would actually occur

and the effective: iongtl, would be the, flat pcrtiron of the roller.

An effective )ength for a ball bearing will be !elected by exam ining

the variation of the dimnensionless load per unit length P with the

dimensionle s5 circumnforentia! coordjnate t r, whirch i_ shr,,un i

Yigure- 20. An effcctivc diriensionless length 1eff for calculating

load can be defined such that Pmax lcff : W, which correspcnds

to a value ,-f t f " or zi1 effective length of Leff T - R /h I ".

"This effective circumuferential length is used to calculate the dimnen-

sionless tractive forces:

F1 ef J l d 1.218

2 ;eft L2a nd

F- 'eff
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The hyd:.odynamic tractions may be expressed in terms of physical
parameters as

iQ R5 '2

F. ! E, I 1, 2 (165)
C1. 2

where K 1 = 2. 436 and Kz = 12.66.

The traction formulas presented above art extremely s;rnple to use
for predicting hydrodynamic tractions. :3ome consideration should
be given to the predicted film thickness and surface roughness to
determine whother or not the contact is indeed hydro-lynamic.
Since the retainer ball contact is a concentrated contact, some con-
sideration should also be given to the possibility of EHD effects;.
Further insight can be obtained here with the use of a nwrierical
exanmple.

Our numerical example will deal with a 0. 5-irnch-diameter ball spin-
ning with an angular velocity of 2i . 50, 000 rpn; in a retainer
pocket having a 5--mil radial clearance, lubricatet with a Z-

centipoise-viscosity oil. Wbfn E:P .. e ffc c; rc conso,• ,,'. ,
presskure coefiic-ent of vicz-osity of i0C4 in. 2/11 will be used and
elastic properties will be taken to correspond to those of steel.
Film thickness and peak pressure versus load relationships are
shown in Figure 21 for rigid-hydroa,'ramic and LHD contacts.

The 1I:1) results were obtained using Hertz contact and Grubin's
film thickness relationships. Both pressure and film thickness are
shown to vary much jore rapidly with ioad for rigid contact. At
low loadr, hydrodynamic effects spread the load out over a larger
a rea tilan thuL liertz coritact ;,Lon.. a, -l) eff-"ct.w. 11 ,, L

At loads whcre the rigid hydrodynamic pressures are predicted to
be mnuch higher than El-D preasures, EID effectc will be dominant
and the analysis prebented here will not be valid. It can be seen,
however, that the film thickness at that point as predicted by eithar
theory will be of the same order of magnitude as the sturface rough-
ics , and it is qo ite likely tilat the tractions will more nearly

appro~ach those resulting from dry friction.
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The above argumnents indicate that a reasonable result can be ob-
tained by dividing the ball- retainer:, tractions into two regimes,
rigid-hydrodynamic contact and dry friction, depending on the
fil-m thickntess. A critical film thickness separating the two re--
gimes may be detern-iined irom the surface roughness. We may
define an effective surface roughness Seif as

Seff = S + S-

where S. and SB refer to the RMS (root mean square) surface
roughness of the retainer and ball respectively. When I,o/Seff < 4.
irn:r,-ased surface distress has been found to occur fox bearings
u.ndergoing severe sliding. At a value of hO/Seff = 1. 5, consider-
able surface distress is present as a result of asperity clashes.
We will thus define our critical film thickness hc for dry friction
based on surface distress data as:

hC = 1. 5 Seff

Thb resulting b.All-retainer traction fonrmulas arc

S~52

ILL hC
C0.2

F,

K(166)K,W , ho hc -=
I,

V "

K1  2,436, K2  12.66, 1,2

wlie-rc l< dcnrtes coefficient of triction and ho is ralculated fron,
l'quition (160). A reasonable value for h iS 10 xicroir ches.
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The variation of FI with W for our n'umerical e>amp le is shown in

Figure 22 Inspection of this figure indicates that tur practical

purposes there is essentially no friction until a threshold load for
Coulomb friction is rtached. The retainer dynamics will thus

probably be much more sensitive to the fihn thickness formula,

Equic.Lon(160), than the hydrodynamic traction formulas. It should

be noted that the filam thickness formula does not contain the effec-

tive line contact assumption that was used in developing the traction
fornmulas and hence should be less prone to error.

Tractions for Reta incer- Roller Contact

The film thickness-load relationship and the traction relationship fo, the

retainer- roller contact can bt, obtained from the formulas already

presented for the retainer-ball contact. The rpressures, shear strcsseF.

and normal and t-ingential forces per unit length for the retainer- rolier

contact will be the same as those acting at y z 0 for the reta ine--ball

contact. The forces for the retainer- roller contact a re simply the forces

per unit length for the retainer-ball contact At v = 0 mul'iplied by the

length of the roller, The equa ionE obta ined in this n-a nne r a re:

W K, (167)
0

F1  ,:'r / K1 (168)

where K' Z. .447, Kl = 0. 5482.V/

Film thi.:kness and peak pressure versus load relationships for a roller-

retainer contact are shown in Figure 23. The lines are draws in a

manner analogous to those in Figu re ." ], a nrd the input pa rametersz a re

the sanje except for the additional inpat of the length of the rcdlcr 4 3/8

inch. Conmparison ot Figures 21 and 23 indicates that the pressures
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will be lower and the retainer- roller contact will tend to be hydrodynamic

at sozrewhat higher loads than in the retainer-ball contact. In other

respects the two figures are qualitatively similar, aad it should s,ffice
to use the same criteria used in arriving at Equation (166) to obtairn the

relationship

S QIREL K I ho hcSRI1

F 1  (169)
K K'y ho hc, C

'Fractions calculated fro-, Equation (166) are shown in Figure 22.

Lubricant Drag Between Retainer and Race

A cross-sectional schernatic of the retainer and races is shown in
Figure 24. A, the high speeds of interest here, the flow between the

retainer and the iaces shculd be turbulent and the shear stress on either

surface can be approximated by

1 2
L( -Iv 1,2 (170)

where p is the fluid density, Vj is the absolute value of the relative ve-
locity between the retainer and race, j, and Cf is the friction factor for
flow between the retainer and race, j. The friction factor vill in general

be a function of the Reynolds nwinber .

V, Hi.1-
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It will be adsumed that the spacin., b.-tween the retainer and the .guiding
surfaces of each race is flooded with oil. We will use the friction tac-

tor relationship for Couette flow gi'.en by

0.064
C -: (J71)

(,;j)1 4

The net drag force on Lt.e retainer ip the grooved region should be small

in covnipa risor, with the drag forces between the guiding surfac ý_,since

the flo,.k cr sb section is larger and the region will probably not be
flooded. The drag force on the retainer will thus be calculattd based on

the area of the guiding surfaces (Aj).

The net force on the retainer, Flý, is given by

VI A V 2 A

F 0.0 08- ( 72)""2 4

and will in general act in the direction of the rclative velocity of the

guiding race with respect to the retainer.

It should be noted that when the retainer is tinder load it vill be oper-

ating with a ,lgh eccentricity with respect to the guiding race. it is

doubtful that the retainer-race contact can s-upport a significant a.mount

of load hydrodynamically (as appears to bc the case for the retainer-

oaii contact) because oa the larp.e lcearances and resulting small arca

of effective contact. It is thus r,:conio-n ended that a tractive force due to

Cauloomb frition be added to VR to obtain the total tractive force on the
reta ine r.
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Drag on. Ball/Roller

The accurate coizputation of viscous drag on the ball requires a sc.-,ew, hat
more detailed knowledge of the flow field than is currently available.
Drag fomiulas arc availab!e for unconfined motion-,' of bodies of various
shapes. The flow in a ball bearing assenibly is highly confined; however.

it is quite likely that both raceways are not flooded and the flow pattern
will be quite complex.

Figur.- 25 shows the croc.s section to be considered in Cz'irnating drag
for the case of a ball bearing. In general, conformity is sucr that the

major open channel for flow will be that existing between the retainer
and race 2 shown in the illustration. If we assume that all the flow past

the bali occurs around the shaded region and treat this region as a cyl-
inder, the drag forco on the bail FD will be given by

FD - CDA 3  2 (1-3)

where A-3 is the projected shaded region and V 3 is the lineor orbital
velocity of area A 3 . As a result of the highly approximate nature of
these calculations, it will suffic'- to take A 3 to be A 3  2RrI-H, V3 to be
the orbital velocitv of the ball Vc and a cha racteristic d rag coeificient
of CD- 1 for flow past.a cylindc," to obtain the formula

F 1 ) PREH2 Vo (17-t)
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VERIFICATION TEST PROGPA,.M

TE-ST_ MRIG I'SCRIPTION :ANI) OPERATiON

The test rig used in tinis pr-ogram is shown in Figure 26. The rig sim-

ulates a 100-niilihn-ter power turbint, bearing and seal package, and it

is c.apable of operating at speeds to 30.,000 rpnm with 1500i F air temper-

ature and 250 psig air pressure outside the package. The test rig is

driven by an P-inch steam turbine rated at 100 horsepower at 30,000 rprn.
A 2:1 speed increaser \%as installed between the turbine a.d the test rig.

A pictue of thp test facility is shownv in Figure 27. Photographs of the

test rig are shown in Figures 28 and 29.

The test rig, Figurc 26, incorporates the 100-millim-•eter •earing, a

I 0l-n illinicte r radial load bea ring, and a 55-millimeter support bea ring

package. When a rcller bea ring was instailed in the test position, a ball

bea ring v.as used in the support position for axial positionr;,g of the shaft.

The axial lcad for the hall benring was applied during the test by creat-
ing ar air pressure differential across the thrust load wheel. The rmag-

nitud& of the axial load was accurately controlled by modulating the

differential pressure across the wheel a rea. Axial thruat load as a
function of air pressure differential is plotted in Figure 30. The radial

l-.ad o;n the test bearing was obtained by applying a force to the load

bea ring. The housing of the load bea ring is attached through a rod to a

hydrauilic piston. The housing is niot restrained radially but is prevented

troun rotating by the loading rod, wvhich is st-ain gaged to mleasure the

applied radial load. The support bearing package of the test rig was
adapted from existing engine hardware (T53-L- 13, A. 2 bearing pa,-k-

a ge).

In the rmain bearing test package, a car!bon labyrinth was used to restrict

the thrust wbeel pressurization air from flowing into the ,,-a ring package.
The load bearing was lubricated by one jet of 0.050 inch diameter, lo-
cated on the forward side of the load bearing. The test bearing was lub-

ricated by two jets of 0. 035 inch diameter, one located on each side of

the test bearing. The oil supply to the load anti to the test beoaarings was

controlled independently.

The oil used for the testing was MliI,-L-233599, supplied by tie Air Force
A/ero Propuis-on l~aborator•, cli cm.dc 0-64-ý.. Physical properties for

this batch are listed in Table V.

S~8' =



The following parameters were measured and controlled during test rig
ope ration:

1. Oil flow to, the bearings, pph
2. Oil temperature in and out, F0 (test bea ring)
3. Oil pressure in and out, psig
4. ca ring cavity pressure, nsig
5. Blea ring cavity temperature, OF

6. Airi tempe rature, 0 (outside test bearing package)
7. Air pressure, psi g
8. Inner anrd outer race tempera tu res, O
9. Axia 1a (1, l~.Ib

10. R.-Adial load, lb
11 I. Sha ft speed, rprn
] ?2. Vibration level (at test bea ring housing)
1 3. Chip detection
14. Cage speed, rpin

The p('linstrumentatic i package for nic:, 'zuring :-etaine- data wa s
cantilvcv2r o~ ff the rig housin~g (Figure 26). The r-tainer ufri-lcs the

jnstwnetatc~npackage, which consists of -.- ,(plexc r adflc' xl~e r-urj

slip rings. Thle niultiplexer bea rings arc oil mnist lubricate(? and air
"coole~d. The mecrcury slip rj,, hearing,- 2-re zcl!f cona-'inv.J a Ud eg red

pa cked.

A s;chema tic of the! test rig faciliLties is shown in Figure 31. Typi'-a I
`fa s'-CL 1-1-Cr shcuwn in Figure 32.
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TABLE V. P-YS(.AL PROPERTIES OF MIL-L-23699 OIL,

CODF: 0-64-2

MATERTAL EXAMINATION REPORT

MATERIALS LABORATORYS~0-64-2

AVCO LYCOMING DIVISION Lab No.

Lot No.

P.O. ____--R. R. -Quantity I qt Date 4/28/70

Batch No. _Mfr s Dsgn.__ Date of Synthesis___

Specification MIL- L- 23699 Vendor

From Condition

TEST REQUIREMENTS 1 VENDORi LYCOMING DISP.

Viaco~ity at 100o Z5 cs min 27.71 Accept

Viscosity at 210" F b. 0 to 5. 5 cs 5. 91 Reject

Flash Point, min 450' 7 490 See

I Pour Point, max -65'" F'" L-65 Note

Evap. Los.e, 40U° F/ 0 "0"rniax by wt 8. 3
6 hr

Color, ASTM Report

Volulne/ccllapse
Foam, max, 750 F 25 m1/1 minute 5/45 sec

20r• F 25 ml/i mnimute 5/4 ;cc
750 1' after 2000 F 25 ml/l ntinute 10/20 sec

Visual T r-inspa rea,1 Unitorxy, Ciea r
I No sedmient, etc.

Nutralization No. 0. 50 max 12

"F"F Rubber Swell, 410 to 425 2.3. 5
4000 F/72 hr

Cracking l-n, ,r .. jon Nr 'e Nor,e
_T._r_a t 5edirr,:*,t ,005 Ir I. 005

By _ __ , te 5/25/70

NOTE: Irf ra red indicat:, rnatcria I to be sliTit, r to Mobil Jet II

9----
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TEST BEARING DESCRIPTION

Ball Bearings

The ball bearings used for the test progr am are typical of main s-haft

thrust bearing designs of aircraft gas turbine engines. The bearing de-
sign is of an angular contact, split inner ring configuration with a one-
piece, machined, outer-land-piloted retainer. Complete design details

are given in Figure 33 (PSK 18123). Some modifications to the test
bearing were made to obtain desired inner and outer race surface

texture.

One test bearing, S/N 003, was reworked to produce a race snrf&'ce

roughness of 5AA mnaximnum; another, S/N 006, was reworked to pro-
duce a race surface roughness of ? i.,A maxirmum. This rework was

done in order to evaluate the effect of surface texture/END film inter-

action upon bearing performance. Calculations indicate that the film
thickness-to-coreposite surface roughness factor for the 5AA finish bear-
ing at 1000 F oil-in temperature and 20, 000 rpm is greater than 4.0, and
consequCtntly the bearing would operate with fufl film separation of the

contacting surfaces. In contrast, the bearing with the 24AA surface

finish would have a filnm thickness-to-conmposite surface finish factor of
less than l.u at Ž0OrF iu-nii dd 0,ý,,,",000rp and it ,huld operate- with-
out full film lubrication, i.e., with boundary lubrication.

Modifications to the retainer were also required to facilitate the placement
of strain gages for pocket load measurements Ucdtercuts were machined
;nto three adjacent pockets as indicated in Figure 34 (PSK 17438). The

undercuts provide a reccess in :be pocket to prevent contact of the strain
gages with the ball, at d also increase the flexibility of the cross beam

section to producc measurable strain levels for load measurements under

the anticipatw-d force levels.

A complete pretest din~ensional inspection of the test bearings was per-
formed on critical dimenslons and characteristics. Clearances, surface

textures, groove radii, race i-unouts, etc., were measured and recorded,

and are presented in Table V1 and Figures 35 through 42.

Roller Bearings

The roller bearings emotloyed for the test progtam are also typical of
main shaft ga: turbine designs. The bearinigs incorporate cylindrical

rollers in a one-piece, mnachined retainer that is niloted on inner ring

shoulders. Bearing details are pres:ented in Table VII.
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Test retainer modifications similar to the ball bearing retainer modifica-
tions were required to provide for strain gage placement and suitable
beam flexibility to facilitate mreasurerment of the pocket loads, as de-
'icted in Figure 43. Here, also, a com~plete pretest dimensional inspec-
tion wa., perforned on the critical characteristics of the bearing. Re-
sults i,.-e presente I i., :Cgurcs 44 through 47.
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TABLE VI. TEST BALL BEARING INSPECTION DATA,
DETAIL INTERNAL GEOMETRY

003 006

Outside Diameter (in.) 5.5110/5.5109 5.51163/5 11162
.ns.de Diameter (it,.) 9360/3.93596 3.936r,3. 93665

Ball Diameter (in.) . 53105 .53103

Inner Race Finish (AA) 4-5 30-35

(>f.er Race Finish (AA) ,4-5 24

Ball Finish (AA) 2 2. 5

Internal Clearance (in.) .0050 .0045

Inner Race Groove Radius

(thrust) .2728 .27676

Ctut.r Race Groove Radius 2728 . 53

Inner Race Groove Radius
(no nth rust) . 2741 . Z7676
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'IA!:LE %'L. ROLLER BFAR!NG; FNICINEERINi; DATA

I~onlf~ct~onMRG R-lq 20-C

B-armnZ ApplIcation Test Rig-
Bearing Typ.3 Straight Tbru Outer

RB,,C: Grade.

Boar~n,,L- t-onun-ii t,; Ly--om~ne S3peclfications P6903, P2-1004

bare 100 MM
01, si3k Diarretr-r 140 M.M
W~ ldh 20 MM

Nt~t r -,f [c4 ?lers 28

Ru-ler Diameter I1 IMM.\ .4331
)11,,r Leng Ih 11 MM =.43 3'1

P.-~~ ~ ch ljiane ter, 4.7244 PRef.

hol 1 cc Di~ameter V sr~at in * .000025
31 ltm r Leni!tn Varisti-r. 0
It: r Erld halius .030/. 040

Ro 1 t. Cron I~uius35.0

lI -)ler H jat [iength .144/.27 12

ltIA -n.il fSqIs e to Uul'. io, I'lai ci er . 0001A
Parallelism ol* F.l-M Active Surf ce .000050

biameo-ral Cle-arance un.uer 11l-lb .~ef0055

'nnr~r R~no Sh-Wal~er Heigh!., Mar 1r Irito.eý22

u'&it.,r ilnr Sl4.c igl,' ftlr Diameter NA

Innr~r'rt Sh'AL..IerLirctr 4.47'ý/4. 469
G~t-er Rqirf 5hotilder linsre t t~r NA

(ne',rner Dipmensie,n NA

Ra -. iraco lrrt 6RMS

loj1i ,r 1, ia eotnr ,u rfa re n ;h 3RMS

P!1e r 1-,r~ds Sr-rftce Iý rrjc 3RMS

b2 rx' P-ilo) Sujrf'ap Firtlcr 16RMS

Re~a~re Pilt Sr~ace ~s~sZORMS

Prectoing iegr. ti ank
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TABLE VII - Continued

Roller a•ni Ring Material S SAE 52100 Steel

Roller and Ring Pardnebs R, 58-6R

Retainer Materlal Bronze

Retainer Hardness

Retainer Plating AMS 2412

Retainer Plating Thickness .0005J.0015

XRaterisl Stabilized to Op'ee at, -65' to , 350"F

Pil:,t Surface Inner

Pilot Clearance (Total tiametral) .oeh -

Roller Axial Pocket Clearance .010/.015

Roler Circo,.ferential Pocket Clearan:o .007/.012

Minimum Retainer Pocket Cornet Radii

R, tain',r Face to Bearing Face Clearance, Min. End Play Removed

Roller Pocket Location in !tetainer - Axially .001 mrin

Rofl]r porket I-ocation in Retainer - Circw-,ferentially

Miniyz, Ihetainer Web Section

Minimum Rctalner Land Width

Reiqn-r P-1 o , Sirfa"e Run ,'

R'et.ainer O.D. to Dore Goacentricity

Typn cf i(etention Snap-In Type

Max/Mim Diameter ,.ver/;Jnder Roller

Minimun R)ller DrcTp 7035 max

Rm.3ut of Outer Ring Shoulder Diometer

Ranout ,f Irner Ring Shoilder Diameter

Note. Cage, Inner Race and Rollers aro. Nonseparable.
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Outer Race Surface Fin~ish Trace
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INSTRUMENTATION

Instrumentation war, incorporated in the bearing retainer test vehicle
(T-/N TFE 21869), Figure 48, to rneasure the following key parameters:

1. Inner race temperature 'F

t 2. Outer race tempei-ature -O

3. Bearing retainer speed -rpmn

4. Inner race speed - rpm
5. Radial load on bearing - lb
6. Force exerted by ball/rollcQr on the bearing retainer pocket - lb
7. Ball attitude and three-axis rotational velocity (ball bearing test only)
8. Torque exerted on the retainer by slip ring drag and inertia - in. -lb
9. Bearing retainer and torque elemnent temnperature - O

Items I through -t werc riequired to compare test result-i withi the cormputer

programi output. Item, 5 was a measuremnent duplication. Radial force

was applied th-rough -- hydraulic rat-n with a known c ross-sectional area
with a known prc ssu rc. 11cmn 7 was to provide an instantan~eous ballI attitude readout. Iterm 8 was to measure and divorce the effects of slip
ring and associated hardware from the ret;%iner data required by Item- 6.
Itcm 9 was to evaluate the e!ffects of tfie retainer cr-vironr'!n on !trn
0 t-hrough 8.a

A description of each itemn of instrumnentation followxs:

I. Inner Race Temnpe rature - Inner race tempe rature measurement on
'outh the hearing under study and the loading bea ring was accomplished
by 2niberlding thermnocouples in the shaft, which provided intimate
contaý-t between tnu thermocouples and the bearing inner race bore.

Z. Outer Race ToemL.rature - Outer raduu te-mpcratutres wvere mneasured
using standard bayonet-type therniocoupier, in intimate contact with
the o'-iter race outer diameter.

3. Ball RctainerSpeed - Speed was meaEsured using a magnetic pickup
sensing, rotation of the slip ring fhaft, which war, directly coupled
to the slip ring driving plate. The slip ring shaft was nma,,ufacture:,d
with five small lo-bes and one large lobe. This large l~obe- produced a
magnetic pickup output grea'.rei than the other five. Thne angular
relationship between the large lol1 fs and the location of the inst rtmn cned
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ball be~aring pockets was known, as was the relationship between the
stationary magnetic picklip arid the poirt cf application of the radial
load. A means was thereby provided t:) relate the speed signal to
the angular position of the retainer poc kets undler study and conse-
quently the ball lo)ading cycle. In the first test,-;, a strain gage Wa.s

attached to the outer race to detect ba.l passing frequency, which is
also a function of retainer speed.

4. Inner Race Speed - A magnet picku, was used to detect the speed ofA

agear directly coupled to thc shaft supporting the rotating innrrI
race,

5. Radial Load on Bearing - A hydraulic piston was used to apply radial
loads to the bearing. The shaft between the piston loading bearing
was1 instrumented with a tour-active-a ryn strain-gage bridge and was
deadweight calibrated. A pressure gage was installed in the line
to the piston for cross checking the force on the loading bearing.

6a. flali Force on Blea ring Retainer - To -neasurc the forcc exerted by
the(- býall on the retaine r -w-eb_, two webs were reworked to accommrrodate
the strain gagcs and increase the strain sensitivity. The two re-
worked webs werte 2train gag.J' ,!it LA~o fully active four-arn-ij benrd-
ing bridgeu, Figure 49 . The inside of the reworked web was chosen
for &train gag~ng over the outside, as -,hown. A photoclastic model
was usedc to determ.ine the optimum location. The model showed the
outside to be more cro3s sensitive to other cage loadings (i. e. , a
ball pushing axially on the cage would cause large-r outpuits at the
outside of the web than at the inside). Thei strain gage bridges ware
calibrated. The first retainers; were dtsigned for a maximumn strain
sensitivity for a 50. pound ball load. At the time the retainer instru-
-nentation was 'esigned, accurate estimates of ball forces were not
available, and) 50 pounds waseleactd a.-bitrarily with the knowledge
that the retaine2r could, if found too irisensiti ve, be reworked and made.
more sensitive. Later retainerti were mrogýifivd for a maximium strain
sensitivity at 25 pounds, baseID or) prelim~nary results of retainer
ball load measurements.

6 b. Roller Force - The taau e type of st rain gage Inlt Mine nitation employed
in the ball force measurerncnts was uacd in the roller force meabure-
inent except that the rework to the retaine r was only to a cconum dAIt e
the et rain gages, not to inc rease its ii. rain sons iti vity, as the webs
wurf- already thin enoughi for good Htra-n sensitivity.
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-igre 4B 3.tlfearitig Rcta~n. r- Ytra r -Gage Location arid Hrewc rk.
Top: Two additional atrain gages. are opposite the two showvn,
and the four gages are wired on a four-arm bending bridge.

Bottom Left: View looking dow, through retaineri ball pocket
shows two instrumented retainer webo, each having a fur-

active-aarin bending bridge. Bottom Right: Overall view of
strairn-gaged b;,ll retainer pocket wcbs.
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7. Ball Bea ringAtticude -Each test ball bea ring retainer was instru-

mented with two sets, three per set, of Hall generators (Y. W. Bell
Inc. M-udel 105-2Z5).. These generators were not standArd. They
were built for Lyc~omring in the smallest size practical (0. 050 by
0. 060 inch). The temperature resistance was also increas-ed from
2000 F for standard itemns to 2480 F for this application. The vendor
supplied the '.haracteristics for each generator.

A Hall generator is a device wbiose voltage output is proportio.-a1 to
a current input and the mnagnctic field to w.hich the Hall gene rE-tor is
subjected (see skcetch belowv):

"ý' 14ccI,- B (co 0 )

wvh ere Vi 1011l voltage

-c Hall -o'it cal cuvcrrt

13 =magnetic flux

=anvle betwec ri T a nl (1

If the control currunt ( 1c) i.9 held constant, the voltage (VII) is pro-
port~onal to thu inagnietic field to which the Hall generator is subjected.
Unlike genreration of a voltage in a conductor through changing flux
fields, the H1all re-quires no change in flux.

~3Magnetir Field

fIlal Voltage

Cunritrl Curfent
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As originally proposed, three mutually perpendicular Hall generators

would sense the magnetic field strength of a magnetized ball, making

it possible to dcterrnine angular location at any instant in timne. This

was accomplished by producing magnetic poles at 90 degrees to one

another. While more than one set of 90-degree poles is possible. it

was believed thzt the resulting confusion and effort required to keep

track of similar poles would not be justified. With this arrangement
(one set of 90-degree poles), only about Z5 percent of the surface of
the ball has a field strength sufficient to be detectable by the Hall

generators, using the planned generators and ball material. To

increase the time A.uring which the ball magnetic field could be

sensed, the Hal', ge 1 1eratocs were installed in line at the ball contact

point .,n the retainer, in slightly recessed slotsc With the Hall gen-

erator and fall bearing material used (M50). sensitivities were so

low that the ball c! a rance had to be reduced to 0.005 inch. Figure

50 shows the Hall generators in place.

Prior to installing the instrumented retainer and magnetized balls in

the test rig, each ball was mapped to describe the magnetic field in

te;:-ij of a Hall generator output versus ball position (Figure 51).

This mapping was to be transferred to a large three-dimensional

1iudeul uaf the ball, Scale-model Hall genprators could then be used to

deterrrine the angular position of the ball by rotating the model ball

until three voltages obtained from testing matched the three model

ball voltages. This position described by three voltages would be

unique. It would describe the angular position of the ball with respect

to the: retainer. This process repeated at defined small time intervals

over srvall azimuth angles would provide three-axis rotational ve-

locities at these angles.

Preliminary static and low-speed laboratory tests indicated the idea

tu be ftea.-,ible. In- one test a magne-tic ball was calibrated as outlinca

in Figure 51. The bail was spun in a lathe and the output was observed.

The oatput was as expected. In another test the magnetic ball was

placed in an instrumented retainer pocket and rotated slowly by hand

using a Plexiglas rod bonded to the ball. The three resulting Hall

voltages were observed on three oscilloscope clannels.
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Figure 51. Ball B~a ring Magnetic £'ield Mapping. The magnetic ball is

nded to Plexiglas rod mounted in a lathe chuck. A etoall
genlerator is rr'ounted on a Plexiglas rod, hcld ii .he too!
post. In the position shown, the ball is rotated 360 degrees

in 2O degree i-icrernents. At each inc rement a reading fron
the Hall generator is taken. The tool post is then rotated 20
degrees and again the ball is rotated 360 degrcee in. Z0.egree
increnments. The process is repeated until the mapping is
compilte.
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8. Slip JRing Driving Torque - The bea ring retainer would be driving, a

lIp ring and muliiplexer system, which it would not normally do.
The torque required to drive- the slip riAng was measured by instru-

mnenting the slip ring driving pl.a;te with two strain-gaged cantilever

bear-s. The gage-d beams were calibrated for torque and for tern-

peratture. The slip ring assembly and driving platec are shown in
Figure 52.

The torque system was designed to read torque in one direction,
but these tests showed that significani vibratory torques cee'tir.

9. ihtain-r and Torque Element Temrprtue-Tb altocmni I.

tor temipe rature effects on the retaineir strain-gaged b-idges, torque
elemfent st rain-gaged bridges, and Hall gcneratorsr, tericiocouples
w rkt lnsta~lltd at t11Cje locations.

D)ATAACQIIISITION

Retainer Data Transi-n4ssion

The large tium-be r of signal leads frozni the retainer, 12 leads foi the
Hall gunerators. 8 leads from the ball force brtIdges, 4 leads, frnnm

the torque bridge, aiid 6 leads from the therm-ocouples, wou'd have re-

qui red 30 slip, ring channels. If common g rounding were uaed, Z6 chan--
nels .vould beý required. Slip rings of this size would inhurently have

larg(! drag characte risitics. A mercury-wetted slip ring with 16 channeýls
was proposed, but this is not a developed itemn and nonrecurring engineer-

ing cost would have been excessive. An eight- channel me rcary-wetted
slip ring was available, but if thiE were eniployted, data could not be taken
simultaneCo'Asly from Hall generators, ball force gages, and the torque
driving platc. Sirnultaneý,ous data qcquisition. was a goal. The problem of
a large numue r of signals and the requi rernerit for simnultanecity suuaeate'!

the use of a m-ultiolexur.

A mnultiplexer systern, which was designed and built at Lycorning, in-
corpo rated cons tant-current power supplies for the Halt. generators,

contat-vltge power supplies for the strain-gaged bridlgcs, coropen-

sating networks and cold-junction)r reference for the thermocouples, and

L)uffer arnnrlifieýs with a gain of 100 for the output from, all the previously
m-fentioned channels. Coupled with ;in eigýht- channel ne ecu ry- wetted slip

ring (7 bro-'Aete r SA M~od,, Nl MT8 /A), thi-s s vstemri provid!ed cloase to thr

129



Slip Ring Driving Plate
Lead UVires From

Bfearing Reta-iner 1), ing Plate

Instrumennted Canti-
lever To Mjea sure Slip

Fling Dr'iving Torque

Driving Pin From

"Retainer - A
Second Pin Is 180

Degrees From One
Shown

Figure 5/. Slip Ring and Driving Plate. Top: Overall view.
Bottom: CIoscup of driving plate. Rotation is
counte re ockwise.
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desired goal for obtaining sizizultaneous data from- the rotating retainer
instrumnentation. T[he 30 leads were reduced to four through multiplexing,
and three slip ring channels were required to power and sequence the
multiplexer. The multiplexer was timne divided, with the output from the
Hall generators being multiplexed simultaneously, the output frum the
strain-gaged bridges being displayed simultankeously, and the output froml
'hermocouplea being displayed simnultaneously. The switching rtof
thie miiltiplexe.- could be varied from 0. 1 time per second to in excess of
10, OOC tir-es Yncr second. Figure 53 shows typical oatputs fromn the multi-
plexe r.

Inner Race Tern x-__'ure Data T ransm~ission

Th-e rotating inner' r-tce ren peratures were transmitted through Lycorning-
dev..eloped Freon fluoo']-cooled slip rings coupled to the rear of the shaft
supporting the test belarin., inner race.

Reco rding

All signals excc ':t the inner race termperatures were recorded on mag-
l(-tir tape. Loc kbeed tane rpco rdler Niorll 417F wvar u n rd. The frtrniurncv

response of thir, sytemn is 10, 000 H-ert.ý. Signals from the inner race
were displayed on instrurnentatior in the test cell and were mnanually
reco rde d..

M onitoring_

During all testing, inner race speed, retainer speed, inner race speed
ratio, ball force, radial load, and driving torque were monitored before
and after mjagnetic tape recording. This procedure assured that the

(~I1ty<~ftb~s~g~lswasn it~i~~dth roiialout thep recrnreing proceýss

Problem Areas

During this test program three bea ring failurcs occurred which resulted
in the loss of data and the eliiminat~on of certain instrumentation.

The first failure (a smiooth-race ball b:a ring) w.as d1ue to shaft unbalance.
'This failure also rfesulted in~ the loss of a Hall gene rato r-inst rurnented
retainer arnd mnultiplexer (Figure 54).
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Ile

Figure •4. Build No. 2 Bearing Failure; Shaft Unbalance. Top: Irmev
races. Bottom: Cage, balls, and outer" race.
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T}e secono failure (a srnooth-re-e ball bearing) was the rt_-sult of reducing
the pocket clearance from 0.022 inch for the ormal bearing to 0.005
inch to achieve the necessary HalU generator sei:sitivity. This fa;lure is
bhown in Figure 55. When the Hall generators were eliminated to provide
the necessary clearance, the mvltiplexer system was no lCnger req,,ired. I

The third failure (a smooth-race roller bearing) was the result of excessive
roller skewing during attempts to produce a sl-id map.

During e rly test runs, the wire routing from the retainer t the slip ring
d rivin Late was adequate; but during later runs, there were lead wir-
failures !esulting in the loss of data, and improved techniques were de-
vised. The original 1 nd the improved lead paths are shown in Figure 5(6.

TEST PROCEDURE

The tcst progran was accomplished in four builds as follows:

Build Test Bea ring LThurication Condition

I Ball EH D

2 Ball EHD

3 Ball Boun 'a ry

4 Roller E H D

A full E-ID oil film. was achieved by operating at high speed and moderate
!.uads.

Bound& ry lubrication was achieved by utilizing races with poor surfAce
.iiiish (24 AA). Fxperi.-rice hi•i. shown th.-t this d re of roughncisa as l-c•w
ir:etal-to-rietal contact.

Load anol speed test conditions for the ball aiid roller bea;ing tets are

defined in Tables VIII and IX respectively.
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Fig-urc 56. In-xproved and Original Retainer to Driving king St rain Gage
Lead Paths. 'Fop; lhojprov,-d lend pi dti showirig, gage leads
fixed to pins attached on rctainr r; 1(.i (Is ar F spot welded to
plate riveted to driving plate, and tl,c leads , e Iargex than
originallyy. Hotton. (.riginal 1ead pa 1h, unsupportcd froji:

ren ainer, e:poxy bonded to drivinrig pl.jto.
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TABLE VIII. BALL BEARING TEST CONDITIONS

Inner Ring, Axial Load Radial Load

Data Point Speed (rpm) (b) (Gi)

16, 000 1000 0

2 16,000 1000 500

3 16,000 500 500

4 1 6, 000 100

5 20, 000 1000 ,)

1 zo, 000 1000 50)

7 20, 000 500 500

8 20, 000 1o0 0
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TABLE IX. ROLLFR BEARING TEST CONDITIONS

Inner Ring Axial Load Radial Load
Data Point Speed (rpnm) (Ib) (Ilb)

1 16,,000 0 1000

2 1 6, 000 0 600

3 06 0 ZOO

4 ]6, 0(J0 0 0

5 20, 000 0 1000

6 20, 000 0 600

7 20, 00o 0 200
8 20, 000 0 2 0 i
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Build No. B_ Pig Checkout

The objective of this build was to check out the test rig for the test
prog ram. Standard rig instrarentation was used. Retainer instrumen-

tation and inner race temperature probeq were not installed for this

build. A standard ball bearing was instalied in the test position.

The test rig was operated to 23, 000 rpm. Oil flows to the test bearing

and two support bearings were adjusted at various speed increments to

note the effect on scavenge temperature. Radial and axial thrust loads
were also varied at diffcrent shaft speed settings to det.-rnmiae load

effects on vibration. The rig checkout was concluded with a 1-bour

run at Z3, 000 rpm.

Build No. 2, .nmooth-Race Pal' . carin-

The test rig was rebuilt with bearing instruzintation to take data on the

ball bearing in the ]':11) region.

The oil-in ternpi.-rature to the test bearing was imaintained at 100 -1 50 F.

during the: test.

The rig wvs operated through al.l of the data points defined in Table VIII..

To generate a be:-ring skid miap, th ltest rig was brought to 20, 000 rpm,

the radial load v as reduced to zero, and the thrust (axial) load was re-

duced in incrr,,ents until skidding occurred.

Build ."Nu. 3, P , - Ra-£:c Pall , ca ring

This build was the sanme as Build No. 2 excepti that the test bearing had 3

rouVg, surface finisl -,n the inner and outer race:s to pronrrit( l,,n'U_ ry

lubricatiun at the rolling contact.3. The same data points defitied in Table

VIII wcru evaluated. T1he oil-in temperature during the tcrt was 200 ±- 50 1.

An atte_,pt was mnade to ý rodue a skid map, but skidding would not occur.

]Bild No. 4, Sri ooth-lRacc Roller Bearing

ThIe- test rig was re built with bzearing irist rumnentation to t- k c data on the
_ roll,:r bearing ir the Y;11l) rcion.
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The oil-in temperature to the test bearing was maintained at 100 + 5°0

during the test.

The eight data points to be evaluated during this build are defined in
Table IX. The test rig was operated through all of these data points.

TEST RES"LTS

Build No. 1, Rig Checkout

This build resulted in successful operation of the test rig, without re-
tainer or race instrunrentation. to speeds of 23, 000 rpm under test load

conditions.

l)isasnembly and inspectior of the test rig after checkout operation I
show.ved that both the test and facility bearings were in excellnt condition.

Build No. 2, '-hnooth-Race Ball Beari.nfy

"The first ball bearing configuration test#ed was with a smooth-race surface j
finish (5AA). Test results are summarized in Table X, whi-h in:cludes

test race temperatures, mrieasured radiai load, slip ring driving torque,
.adial' load frequency, and retainer-to-inner race ,jpeed ratio.

These results show that radial load was composed of a :,teady and an

oscillatory conmponent. Retainer driving torque was found to be oscilla-
tory also. When drag was introduced into the driving system bh" "holn!ng
back" the slip ring, torque was still osciliatory, which suggested that
the cage motion was not steadv bit accelerated and decelerated once per
:rv,)lution. Maximum torque required to drive the slip ring was
irzasured at 7 inch-pound£ steady load, 1 7 inc--pounds -i.ratory.

.airiplc-s of thc oUtputs fron1  both ball force strain gage bridges and the
cage speed signal as a function of time are shown in Figures 57 t-rough
64. These figures show large pulse-type forces being appoied to the
cage at a riorruni0orm amplitude and noripe:-iodic frequ uricy. In addition,

thr..y show a small vibratory (approxiim-ately 1- 3 to + 4 pounds) force.
This snsaller vibratory signal is expanded five timhes and prescnted in
Ž'igures (,5 through 71.
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AItAlil.' X.ýKINIPAY OF TLFiT RfSzULITS, hrJ!!i NO.2

I-.r and dote'-Ar Rdacc T vn pe ra to r,-g
Radial Reta ine r

Radial L~oad to Re' Driin

l2.-ta Irent r Outevr pAT Load F rtqatncy'3 F TOet lr:,ou 4)

t i Race (CT) Race (0- F) (I (H7F) 11.-b

2 '0*40 28*4i1

-- 4-!j 12(1 Z34 .4 f 63

3 4 7L'± 4 279 .4t,

4 6 1 (5) 331

Cd' It - i. 1 0 3) Si 45 53

8 0 '1 20 4

-l 4' 20 33) 41, ~

-40 3t2 tS . 3±

F Ie(1e ýl t v..s rein [ie 1(ent, with ta-,,we, f rc: s!r.min gig, h~ridge, ,cncc wih "nt -tl

he~re,@- ,w! rte' toryi-eu , leevsile ;,,e,',t 1; ieine arid eeuiezr race terep-r-eitures %w.e ri- e'teririnec

to rig thc s-e jw! ru:e el I. pee r -Ilet-s are f(er Its!t No.; ewe wdi are. for tc':t

.... -,: e c:liatIoe O!ra-e Ioae~iie:( rae ;,eelee 1,y eIri),rLldfe a ridr or -,( ce-ti c.l f

of h ie~~f s rep,,rt i; , ,r 'c !n - :e .

* 4. \V'1rilcr ey t eti,. p efl,:iit (: u Sf i r.,i'e s ,v!j u rir.eii cceite "leert teerc;t o ,cc9 to u e- rc,.

A elt v te l te- r ie eeee:r, )rinrary f rrpuer.cy lirej, ite Iey oeew-lecve( I eyd)iiL tic r;1p n U')t i.

!Jeý.e'e slip eder;lcg firs! ruce Pelit neo elippllge: d-rmng stec( run: ilso sh~o"., ti hea r rr.eraec F
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The large, pulse-like force was later simulated in the laboratory by
impact loading a ball against a retainer web. Rtsults suggested the
presence of dynamic ball/pocket forces resulting from acceleratiuns of
the ball vithin the pocket clearance or of the retainer itself. These
dynamic cffects were not predicted by the computer programn.

With repect to the smaller vibratory signal, two approaches were

taken in Lhe analysis of the test data. First, ball azimuth versus retainer
web force plots as deterzined by the computer program were super-
imposed en •,milar pints from the test program data (Figures 65
through 72). Second, a harrntonic analysis of the computer-determined
output - as compared with similar analysis from the test data (Figures
73 through 75). Figure 75 shows the computer-determined harmonic
analysis of the computed web force vzve, and is normalized here to an
arbitrary unit to conmpare ratios of har-nonics rather tharn absolute
values. .igures 73 and 74 show the average of 1 , spectra olbtained from
experimental test tape recordings. Spectrum averaging was used to
eliminate random signals that might be present in the experimental wave
forces, since the harmonic analysis of any selected cycle could be dis-
torted by randomn occurrences.

in the cascfz c pure thrust bari.ng loading (6-'-,.- 65, i,R and AnI )

where computed pocket force is a constant value u! approximately 0. 25
pound, the dynamic component determined experirrientaily (neglecting

im'pact peaks) was between 1- 3 and + 4 pounds. it is suggested that the
difference between the computed and measured force levels at these
conditions, where the predicted force it nearly zero, is background or
additional forces generated by conditions not considered in the computer
ana:Lsis. Practically speaking, a 3- to 4-pound background force is of
little conscouence.

In the. cascs of combined thrust and radial loading (Figurs (A (,7 an i
70), the predicted and measured force levels ar,- of the same magnitude,
neglecting impact peaks. The computer program predicted approximately

± 1. 5 to ±2.0 pounds; the measured values were from ± 4 to + 4. 5 pounds.
Ilote that the difference is not large in view of the background levels

determined during pure thrust load tests.

Two of the test cunditions, filtered and unifilterd, are shov.n in Yigures
76 through 79. Frequencies higher than seven times retainer speed

(seventh order) have bee'n .-linuinated in the filtei ed wave.
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Retainer Speed Harmonic (Retainer Harmonics Numbered)
[• Inner Race MinuE Retainer Speed Harmonic
" Either or Both Above Harmonics
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Figure 74. Marmonic Analysis of Experirzicrtallý lDcternmined Retainer
Web Force (Average of 16 Spectra) fr Balal lea rirg Nnjootb
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Harlionic analysis (Figures 73 through 75) shows similar frequency com-

ponents for computer and tcst results, but proportions of the harmonics

a re net coruparable; in fact, two differeint retainer webs show differ-

ent harmonic amplitudes. There are also more frequency components

in the experimtental data. Further expe rimentation and analysis are re-

quireL to under!tand these differences between predicted and measured

values and to explain the origiui of the background force level described

A skid map is shown in Figur.e 80.

Pa, Al,•,aring
Bu~ild No. ft.P_,cd•h-Rpae_,: -'_.mflrai.

Irmn( r ý.i 'd miter 'ce tem4pera tires are sa.nInnari:'ed in Table XI.
Pall force, data frolil tle rough lea rirt,, .:2 rally looked ain)6lar to that

of thle sn• .f)th be ar:-ni vith pulse na.gniIiudes rc:duc.!d . Samples of data

from: the 0 iirst two test points are shown in 1-i'ur#:s 81 and 8L. The dis-

torted reta ine" spered signal is the result of rrgnetic tape saturaticn in

one direction, but since the large peak is still 1 riscernible, the signal

is sti!l iictul i n establishing the time of a sinjzle ball cycle and the
r_.aitionship bctwcen the location of the retaino r and the leading zone.

."goure 82 also shows the beginning of the deterioration of the No. 2

reta in: r-w, 1) gt ra in-( a g : h ridgec.

"Build I'o. -1, S.,,,m th- Rac R II.oll, r Ic'a ri .'

Inner a id outer raco te'mjperaturcs are surnniarized in Tabhe XII.

"I raic-, fruzn the only fune tioving re'ain r-w eb strain-gage bridge for

four t est conditions are s howr, in Figures 83 through 86.

The roller force traces do not shoA th,- large pu'.se-liie forces found in

th-o; ball for,-,. tr., . . .at th, -. t condit,.,.in " equ tred for" coI;putcr vcrifica-

tion; h.owevevr, t]iesc peaks w.r- ob.'B zv:d while sweeping to the test
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TABLE XI. INNER AND OUTER RACE TEMPERATURES,
BUILD NO. 3

Data Point Inner Race Outer Race LT

Dat oit(.) (o F) ( F)

I -75 250 -25

340 Z65 -75

3 260 0

4 290 2i,5 -25

5 275 10

I 320 285 - 35
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TABLE XII. INNER AND OUTER RACE TEMPERATURES,
BUILD NO. 4

Inner Race Outer Race T
Data Poir.t (o F) (o F) (0 F)

1 200 22 >5

2 180 215 25

31.68 195 -27

4 130 15 35

5 230 ,

6 245 24S ~ 0

I S 0 255 7-,

8 140 2,65 125
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COMPUTER PROGRAM RESULTS

BALL. BEARING COMIPUTERI DECK

A listing of the bail bearing computer program FORTRAN source 6eck is

presented in Appendix I. The programn consists of a main section and

eleven subroutines, each of which performis a specific function. Trhis

Modula r organization of the program facilitates the incorpoiation of

alternate or improved mathematical models at a later date if revisions

or mrodifications are indicated by future advances in the technology.

For example, if it is desired to emyploy traction- slip data other than that

reflected, only the subroutine '-RCTN need be replaced.

The format for the input information required in the pr-ogram is given in

AppendJix 11. Cards signifying appropriate units for the input paramneters

and recorrinended values of conve rgencro lim~its are included. Ava iable

options concerning the seq1uence of rurtriing nurne rous load casesr with

varying boa ring definitions, lubricant descriptors, etc. , are explained.

A typical problem with the input re--atatd and the prog ramn output con.-

ve~niently lab~eledl for easy into rprecation is pres2rited in Appendix III.

f A TTTt fiF A P R!\NC: T'Y P TCALT1- 1; ~T T7T T*

Retainer Pocket I-oading and Lubricationj

To illust rate the results desi red . f the computer prog ram, the bea ring

problem shown in Table XIII, based on the test I.ea ring in the ex-per imen-

tal prograrri, wa adoptcu.

The bea ring is analyzed at a constant inner ring speed of 2-.,000 rpm

(4.0.x1i U"]N) and aýn axial thrust loadl of 1, 000 pounids. IE."tcrnally a pplied

rdA; lo . s I'I . cr c-v r 1i dtr)(It t ( -1~.rfi n i t h t-i r 4c.t f t on p ck1,e t lo)a d 4:1 ' a nad

1lu)rica tion. 'Y Jafeoct s ot aipplicd radial loads on the ball pockect ioad(

dlist ribution airc. f-nown in I iore 8-7.

A positive podckt forc~e indicaites that the ball is driving the- retainer

ast-nily; conve i-achy, a negaitive poc'ket force, indicates that the ball is

r (Ia rdJin,, tin' rot;tiufl of tint- retainer as sembly. The resiilts. (-l4-.1 y in-

dicate, as intuit~on dictate~s, that ;)ail pocket loadingY is strongly de-pciu-

dent upon thte rclationsliip beutwe-,en the th rust and the- radial load we

ope ,,t1raing unrlý.- (-ozuIIhn:d, Axial arid raidial 1,1te % oal pplied Toa I 'i1

(1,opltdtju (!:-c oc u rus ec u se(. the uluuc nst ra irn, o0r b.",i) \'lO21, it2 1 , u-j f11h j b ll

1 7 6



TABLE XIII. BEARING PROBLEM PARAMETERS

Nuimber of Balls 22
Ball Diameter .531 in.
Pitch Diameter 4. 724 in.

C'eirial Contact Angle 30 deg
Outer Race Curvature .515
Inner Race Curvature . 520
Clearance Change -. 0015 in.
Pilot Clearance (outer) .029 in.
Pocket Clearance .031 in.
Pressure V i-,eosity Cot.fficient 1. 18x!0-4 i. 2 /lb
Temperature Viscosity Coefficient 1. 53x10- 2 OF-1
Viscosity at Inlet 3.86x10- lb-sec/in. 2

Thermal Conductivity 7. 74xi0-2 Bto/0 F-hr/ftI
Lubricant Density 8. 97x10-5 ib-sec /in.4

position would be different, owing to contact angle variations from posi-
tion to position. Contact angle variations are strongly d( perident on the
magnitude of radial load relative to the axial load acting on the bearing.
The calculated radial force acting between the pilot surface and the outer
race land is shown as a parenthetic quantity in Figure 87. It is interes-
ting to note the variation in this load component for the equal increments
of externally applied radial loads. Note that for equai externally applied
radial load increrments from 500 to 750 pounds and from 750 to 1,000
pounds, the pilot surface contact force increase is 2. 2 and 17. 3 pounds,
respectively. Additional cases were investigated with a thrust load of
500 pounds and a radial load of 1, 000 pounds, and a nure radial load of
1, 0'0 pounds with resulting pilot surface contact forces of 7. 76 and 1. 01
pounds, respectively. An axial-radial load ratio appears to exist (approx-
im:ately 1:1) at which the pilot load is at a maximum value. This load
cciilip o .nL, in t',, case of an ('uter-piloted retainer, re.sults in a retainer
d;'ag force; in the case of an inner-piloted retairner, it creates a retainer
d rivin- force. This cffect nmighit be theorized to be responsible for the
skid recovery phcnoinenor, often experienced on ball bearings at high
speeds and extrurndely low thrust loads. Figure 88 illustrates the hydro-
dynamic ball-pocket filrn thickness as a function of aT/imuth angle for a
thrust load of 1000 pounds arnd a radial load of 500 pounds. Also plotted
on the sarhie a/in-nutb i'alc is the pocket loading to illustrPdte the strong
depend,.r:ce of filmi tliicknesf upon load. I or light loads, pocket film
thicknesses are limited t,. pock-et c,:a ranceb in. th.: irnaly:iis because often,
with extrei; ely light pocket loads, unirealistically larg-g es tiiates will
result.

17I



3 -PARENTHETICAL QUANTITIES ARE

CALCULATED RADIAL FORCE ACTING
BET[WEEN PILOT SURFACE AND
OUTER RACE LAND RADIAL (LAND)

1000 LO i22.9 LB)

4/
2--

1+ 760 LB (5.6 LB)

0 0--
LL.

500 LB (3.4 1.B)

RADWAL LOAD
ORIENTATION

BALL POSITION

t.'igure 87. ]-ocket Loading Versuu IRadial Load (Axial

Load -- 1000 Pounds).
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I Retainer Speed Variations .(Skiddinpj
An imrportant spinoff benefit derived! from the retainer analysis reported

herein is the ability to predict retainer skidding as a function of ex -

tern-ally applied loads for high-speed angular-contact ball bearings.
F igure 89 cornpa rcE retainer speed results derived from the com-puter
program with data obtained during the verification program. ALio shown
are the retainer speeds calculated using tre elastic analysis (no tslip),
which is extensively utced for bea ring design today throughout industry.

The zone depicted between the d1ashed lines in the gross skid regimie is
indicative of retainer speed variations en~counte red. Unlike previous

results,' retainer rotational velocities in thi-s skid rt-gimie wvc~re not

constant, and significant excursions were observed at constant thrust
l oa ds. This phenomenon is not conside red to be of great irrportance

fronm a design standpoint; whOat is significant is the break Jr, the curve

below ,%hIich gross skidding occurs.

With ruspect to the, (itfei,:nice betweetn the ela stic s-.olution prediction

;Lnd the FHID solution re~sults, the diffcrence in reta ine r spueriF calculated

iit high th rust lo'sis pro-dov iina otly the resutlt of b)all slip at the

race contacts required to geniera te traction, Inner and outer race conitact

angles for this load case were essc'nti;Aly the ssZme for thc tvwo diffierent.

analytica~l solutions.

Ball hKineniaticg

The kineniatics of a ball in a hijg 1,- s e ,d angula r-contact bea ring has
providcd bea ring engineers and analysts with a wide a rca fcr disagree-

ment over the liast (Lcadd. The rea son is that in an a ng'illar-contact

hal1l bea ring_ ptiru rolling cannot occui s rimultane2ously at both inner

a no outci race contacts. 2 Consoqie~ntly, a ssumptions v. c2rc requi red

concocrooed \Y iih the Lpini vcloc itic 'ý pro va lont at the'acc c ontaetA arid tne
d is tri butio'n of t ri tive/ force comflpu:1 ont a requi red to offset ball gyro-
scLopic ntoinun~fts. I h,. tinaior contrlovers y ccente rb a1 CIotthraecn o

c oncept pPC Vi on Sly (I'sC1 USsod tinde r font od ctiOn. ''

'rhis cone~cpt is bi-sed upon) the supposition that all the,- spin occurs

att- conta~ct %vherf the resistance t) ipifit (spin1 torque) is ininimutzi anfir

that iill traction in the gyroscopic pl'irio. oc.-tirs at the race contact wvhich

exh ibitsa pu re rollingý (ti(, !ii ji). Yu r ýxanii p c a bca rn g with oute r ra (co

Lontrol wo(uld 11ave ',.t: I spin at the outer cc~ntcict w.idli t'ne: iflfl' conita ct

opt rat i ig ;it Hth g coi)et rica lly requni red spin level. vihi Ic all the 'eq u ired

tra ctio'n forcc to ros5.'t gyrciscopic precession would be decveloped,- at

the oulter co:if;irt
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The analy\sis developed he rein is ge.neral and does not reqUire these

a ssumptions. and unbiased solutions can be obtained. Table XIV presents

comvpurte r results pertaining to bvail kinematics for varying thrust loads
to explorc this pherionienor. in the skid regime ani at high th rust loads.
Thev caset. studicd are the same as those used for the skid curve,
1-Igu re 89 . Also shown at the bottom (of the table is the result of an

elastic z.nlution ini \'hich outcr race control is assun-.ed.

In Tablc NPI\, j N- ti and * ,,Are the. a ngulai- velocity components about the
indic~,tcd axes. Tb.l anL:ola r \,-I~,t ori.p-nnt t. has a1 ci rcu-f-e rential

vec torial1 dirFection, i. e. , g yroscopi c p rec ession. ' ,and r ý 2 a re tie

tractivc forces in the outer and inner contact a reas, which are opposing

the ro!itron I* Tl';r ratio Y\"). divided by F:• ojnpa res these tw;o force

Lo:iponcrit. Ourt r race cont rol 'A ()1l( have l\) -~~ lXFX = 0 T h
Com~puter restlts do0 rot rigorotmi>ly substantiate this a ssunrption, but

YX.is siignil.ica Mly les s than Q', , which ;ndicatces that the ra cc control

CM0 i11p it not aboucvcrrect, practically useful f rom this stand-

point. !t ii inte resting4 to noe that fro:.a it traction s;tandpoint, bea ringsI
iri the 5r11(! re-gioe tend more towa rd race control than those that are
operating at high thrust loads. Also, by comnpa ring tho 800-pound thrust

load ca ses, it in seen that a L rcatur value of iw, is predicted wVth the
FAIll analysis wirth a correspondoing inc rease in gyroscopic moment and

Anotheri rula LiUoIJSh if) that can ii e used to test the -accu ra cy of the rAce

control con~cept is the spin velocities at the rnce contact. Again, refer-
ring to Tabhle xIV! it is evident that spin occu -s predomninantly at the

iuneri contact as titke cont rol theory predicts. MWt regarmd to the behavior

in the skid regime, v;alues of a.1I divided by ,in rea se as 2ross skid-

ding~ inc rca so - - the opposite effect relative to "race :ont rol behavior as

ouse rvcd wi' th the t ra ctive forc es.

In genieral, kirie~natic I) ~havxior that is in relaItiv.2 agreen-mert with the
race control concept is not surprising, in that many sciccessfnl bea rings

~acbeen des3ignedl with the use of analytical techniques predicated upon

its preceepts.
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ROLLER JIFARING COMPUERTL IDYCK

A listing of the roller hearing compruter program FORT!,AN source
deck is presented in Appendix IV. Thim program is stru,-7ured in a

manner simnilar to the !-all b)earing deck and consistc, of ,main section
and nine subroutines. Four subroutines are inactive in t~iis listing

as a result of the convergence problems encountered wit', the COEFCT
routine. They are included in this listing since they wer,_ part of
the initial effort.

Tim- format for the programn input is given in Appendix V. Direc' ions

for exercising various program, input cptions are also given. A
pa rticuiar input requi rement for the roller bearing program is found

oin card 9, columnrs 41 throughi :'). Trhis inp'ut item causes the prog~ram

to execute the specific -ase for the cage slip Inputted. It is the refore

requl rc:, that the user 'ripi~t nai appropriate ser iies of cases to achieve

a desiredl solution. The soitution is obtained when the 'Toique on

Call," output value app roachtes! ze ro,

A tvpical problem and corresponding GUtpu'L is: presentcd in Appendix V1.

RCJ1l1FR 1<BAMNIN__3T YPI C;l., RESULTS4

The bea ring data shown in T;i ble XV wvaS Used to illustrate the (:.Si red

prog rari Output. TIhis data. represents thie test roller ibea ring used

during the experimental program.

The bea ring was analyzed at an inne r ring spe( d of 20. 000 rpm. which

results in a D*N speed value of 2x'106, Radial loads were varied to

determ-ine slip speeds of the cage and other bearing outputs. To

Ia rrive at the desired solution, various cage slýp speed assumptions

were inputted. KacL outout case yielded residual cage torques which

assho i iii Fiue9. T efinal solutions for slip r

Ob~vious and can be inputted to obtain final results for each load case.
Yinal results for cage slip speeds as a function of radial loading are

SEiowVf in F-igure 91. The iterative procedure m'as pursued for tl-e 200-I pound load case, the solution for which is shown in Appendix VIII.
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TABLE XV. ROLLER B3EARING PROBLEM PARAMBETERS

Nurnber of I(Alltrs 28

Roller IDiarntLe r - i n. .4 351.

Roller Length - in. .4331

1)ianetral Cilarancv - in. *0~

Rta,!-ner Pilot C(learancc- (Inncr) 111n. 030

1Pockct Cicarancc - in. .012

IPrcz~su rc Viscosity CaceffcicntL - iii. /1 . x 1 0

-1 7
Vi scosity at inict, - PK-sec/in). 7 . 3 > 10

1Therrna C-cjnduc ti-ity - Ltii/ 0F--hrift 7. 40 x 10

Lubricant Dcnsity lb sC n. x I5 a
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CONCLUSIONS

1. Retainer pocklet forces predicted by the computer analysis for
the cases stud~ed are small, approximately 5 pounds, and are
in quantitative agreement with the basic pocket force cycles
measured during the experimental test program. Existing
differences between measured and predicted values can be
attribot~ed to dynamic shaft unbalance, imperfect bearing geometry,I
etc. However, superimposed upon these force levels are pulse-
type forces that were measured at the retainer pockets. These
forces were significantly larger than the form-er, on the order
of 50 pounds, an~d are helieveid to be the result of impacts betwc'oein
the rolling elements and retainer pockets resulting from
acceleration/cdeceleration of the roiling elements and/cr retainer.
Impact tu.rce lpe'es riom rinate and crinscitute the rfla~iýr criteria
in the est,ýkblishmnent of the struc~tural integrity of the high-specd
rattiller.

2. Lubricant film thicknesve., developed at the rolling elemnent-to-
reta-iner pocket contacts are hydrodyriamic in natu;re, and they

are strongly dependcrit upon the conrtact force magnitudes.

3. Bearing kinematics resulting from the comnputer solutions that

widel,; differeril fromn analyses conducted hitherto that employ

the race contro& assumptions. However, the new model doesI
predict lbal] spin at both inner and outer contacts, gyro scopic
precession, and rtsistance to g-1roscopic precession at each
oi the inner Anti .uter- race conitactp.

4. The ciormputer anjalysis predicts regions of tractive ba.li instabilityj

a*-~ ]1ýao aoSpccd codtosresulting fr,-inn fterm-al
effects in the ElIJD contact between balls alid races.

5. Retajner slpat It~w-load conditions c-an bipredicted bythe
computer program. Confirm-ation of the analysis for the test ball
bearing en~ployed during the program was obtained. RetainerI
pilot surface -t,- race land contact force, which affects skidding
characteristics, was fo)urd '( be strongly dependent upon the
ratio of the axial to, radial loa);ds applied to the 6caring.



RECOMMENDATIONS

S1, It is recommended that further work conducted to achieve
a bctter understanding of overall bearing operation address the
rheological behavior of EHD lubricaticn with particular emphasis
on traction.

The effects of lubrication upon bearing operating characteristics
are central to the analysis of rolling element bearings. The
dynamics and kinematics of bearing operation are well under-
stood in cornparison with the equally important effects of the
rhe.cdogical behavior of the lubricant. Much (f the lubricant
information drawn upon in the analysis is an extrapolktion of
empirical data obtained in different operating regimet. The
development of more extensive and sophisticated bearing analyses
based upon the relatively underdeveloped technology of EHD
lubrication will not substantially increase our overall under-
stanling of high-speed bearing performance, especially in the
light of the convergence problems encountered with available data
as described in "Tractive Instability, " page 53.

Z. kAttention should be directed toward further investigation of tbe
cage pocket impact forces observed. Tests should be conducted
oxn a greater variety of bearing configurations and operating
conditions to achieve a more general verification of the observed
rcsults.
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APPENDIX I
BALL BEARING COMPUJTER PROGRAM FORTrRAN SOURCE DECK

"C "AIN P-r)GRA4¶ to
QFAL LtiROFlN 20
rnmmOn HSO('.02,14SI1402 30
(ý4)MMN ALP14A,AA('1.AM,ý,(2.e.0),!jMN(2,40,,, 4Pr2CK1.4e), AE!,AETA t 0
1.3f')J,tV12l,8PCCK(4OJ. CAGEw. CfRd(2)o CRAD, COSA,CPH,CTHET, so

3r'Gi2a7).0Crgi),.f(2,,,ofEXI2)sDR~OP@D,DENS.n)OL2'.')L(4'.).ovcs5s2 70

V) F X P(12). F Yv( 2 OFY V Y( 2 1.') r-Y WS 2 1, DF YP ( 21 *~CSV K 2 ), 0 0S V Y (2 . 10S w S 90
6bf7 .10)S P I .C F X ,5 ) .') Y ( 2 , I,n 0 S 2,05 ) tr)F D x j5 1,1,PI ( 5)1 nflOp 5) . D 4Y ( 100
79) %fl4 Z5 DOP SI (5 5 ) r)PSII (5 65 jfnbA[21 *DLr)A12122.DDA(21,rFXA(2 1,OFYA It0

9) .)VAR %I(S) CVAPAl(s1. ).V ME 15) ')G A (2) E F L 130
rV4I m ON r PR 15) *E 2 .r-,A V F2 1 rLAT,F(2 , FK.V'RA0 140
l.rTAN4,Frx(?',4Cj,FFYiZ,401. CAGf.G?(22),G'22 *) 150

2H')QI7, H.-1Q 1.4nD2, HOP3,Hfl.4, IQUIT, I iAG
I O ,L PASS L UROFN. N N PF GA C flS4Y ,OM I, 170

4 ?1 4 e 4 2I)?r M F X( 4 01 , 0lC Y (4 11, (h4F 7 (4 0, PPOC '0) ,OL , 110
P%; Pt', PC P!).PCCKr.T, PHI P 1L0T,pX 12 .PS 115),P (a'c I. 04VI 1.90

e.: (2). 0 (3 4 IQP-(7 ,StNA,SP4-,%THFT, 200
7ýR(21,S(JU?), ynTL,TI,T'iET,TOL( LI) .CAV,7SAVE(2) , 210
I'iK(,3 T'4(CKP(4')), VtSVFQI,V'U1.VqT2.VQT3,VQT4,VYQ)22, 220
9VY-111VXR( 21.VXP(40).4jP(4O),VFr.151 23U

1(2.401 , XML.,XMUI , YE pYr- YN~~UM4 2 So0

r, 'jmrN FX(7),FY(7) 210
rr p~r)-j I C. r rL ( 401 ,LC TL , I C YT Ll~rc,I ?2 ,v ,V2,Y I, Y4,YS , Y%,Y 7, Y , Y9 280

1 .Y10 . 1( 2.2 2 1 A ( 2. 2 ) t )FL A(2.2 1 .H( 2 1,Hift2 , HLI2 1'424 ) .SRAL ( 2 ) 290

A 1 ~2 1 KrI14V () () (2 .2 1 .RFVA .G)CYR 0 t2 ). CAL. SAL .A .A2 .014.T IT 2 T I. 74 310
4T . VI. X A I( 4C ) XA? ( 4,1, I T DA 1,, q FVY(4 0) . rv 7 ( 40 320

5, C ASF 0I ( 2 ) .p I l1(2 1 ,AQ E A( 2j. V FL (2 1 ,S nR1,; 2 1. ADR A'ý. DS -)DG G 4 1 330

rl41-/ T c.TC'4/ TEST I, TEST235

' )'W'rN/lAl TS1/PLTr51 360~4C0!N4/XJcA/V'CVAr~j21 .C)Q LG(2) 1CFOjqCE 370
r i~ ZFLcC( MAL If-tA. !)F-Q AG( 4)2 I lpo
-. 1 TO 1419 9

,4,) r pI'rj NIr 400
,)A r (II)' =I. 410

'1~ 7.) wC . 420
n --D 44C

QlA(~ .1 7 -. 450

If f I )= . 460

0,I Atl I.1I) r). 4 90

-II )~).500
'4(12 3.510

t 41 1 21. 520
141(22 z!). 530
'1? 22'). 540

1112. (12 350

'f.(1.2)-O. 590
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OCF( 5)=0. 610

Cr(( 13) I. 620
r (2) m-.1 630

2 PFA.0•(9,)• 640
'40 IT F(6,1 1 6r0

CALt. I NPT 660
V-4ASSr31 .35SC6q r -I*nF N~s.IDc3 670

XI N. I IX4 (SS 0P*02 690
1) " 5tICC, ) LnmA, RETAVI I IFK LUr~rN W)-VY R 02VX 690

LC4 F30 700

(( IALPll&) 1.9,, 710

9 "ORITF(6,S1) 1. 720
r,) 7 , 730

1 I TE,(601 T(7,
I 'Q 'MA71 IH f'4 /1,1 /l11 fjH /H4 /?3140 L'I6RICANr PRPOF!RTIFS) 750

Qc'C(5,1000)02WS,PP2, (TOtI.(K) ,KaW),CONST 1,CONST2 76u
vI IT T[ ( 6,4 AL P1I A 770

A L.'m %T ( (4Q, PPE SSURF-VI SCQSI!TY CQU-FF I J IF1NT P.IPFII. 4 780
4jTF I6,6,5 SFTA 7NO

0 1 i[ 6.,6) 'v ic BOO
C, ICQ4A1(4, 1. i FrPu P r 71)Rr-VI SC1SrI v CrOEFF IcIL[C- 1PIF11.4I -O10

b r'W)QA'U? 0H VISCOSITY IT INLET TE'.PFRATURF ,IPIUL1.4) 820
g', ITF ('A, 7 T )5130

SrlRmAT I '403- INLET FAPF. P AT'J UP . ,1ipiEi,) 840
'1 rrI aj, j, rK 950

3 r.ioAttl•40H I H•rMAL CCI'),JOTyVIY ,PI EII .I 86C

-:: 1 T ( 1,, ", 1 I)l3f!1, 8 70

1")1 )vAT•T(4OH LUOQICANT r[ý NTY ,IyIFLI.4) 880

,4 T F( is, 6ýC C0X C 5m90Ag

5900 FDMPAT14 3H PALl. CCCKET FiI.TION CUFFFICIENT *1P1F1.4) 900

'0 1TrI rr( S, ;0)1 Ul qlO
,)I )344AT(43RH CA P: LOnT f:PI CIiN CO-rFrICIENr ,fPIrC.4P 920

30 WC(5, lC,00)"14'(1 ),Ppm(?) ,KF(I I ,XFI( 33,F)(4) .flt (l1).001t (3I,VI rCTO 930

L- rSr=LCA Sr 1 940
I CTL=V! (Ti q50
I r I G? VVyo0. C, )> Vyo. 960

It- n? V x F Q. 0. l VX OS 970
Ir(02ws.LQ.O,)r2w5=.1 980

I: r ? 2.F C .. 0.)0?P2=O5 * % P0

1.0 1 mrr ItI 10 .O.C,r9.3, I 1) 1000
IF It rl .L F.- ) )1I L T -- 1 1010

-G 0*C rl It /F 1020

".tFf,1F..)6*{RPM ( 1-,C,,)IRP4I2)*(1.,GGG3) 1030

14000 74O• =Cmf CA" 1040
1030 mPMATI Af 10.CI 1OSO

?f.ifuDm!fi3)QOMfl,.Q.. 1 'i T!E 10 1060fl

W4I TF (f , QC 1080

4R IT r(11, 7 1 ILC At F 1 0OQO
4WTF TI ' c 6,) R M 1) 11o

W2DITFIrIt- f67 A 1 10

4ý [1 F ( 6,, "12 ) C-Ar,&V *1 1 ? 0

'42 lIFI 6, 7"1 i xF I ) I 130

'I IITCi6, 7 ) XF (3) '1140

WR ITE(6, 7 t.l)L 1 l4 1150
WRT TO (6,771r-,l itl 1 1 160

' 1 ( 6, 718 )flOL I 1 11170
. (• , ? ,, 79 )VL(CTL 1180
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T1 IRM At 140HO nPFFQA~fnCN OATA R9P Ln- CtSE NU~46ER I)1190
r'.? R FlAT f4CH.3 CUTFP RAVy SPcrn ,I P I E I i4 1200

73 l-IRMAT140H INNFQ RACE SPEEC) ,LPIF~i.4) 1210
74 r.I4.iAT 14 0" THRttST L0kr) 1D1FI'..4) 1220
75 rEJRM.AT(40H- RADlIAL LO~r, .1P1E11.4) 1230
76 r-f~lkMT(40H M ISAI I GN4FNT .1PIFII.4) 1240
.17 F!3PD4AT(40H INITIAL AXIAL CUfLLirTIO ~ . .r .11L1.41 220

7 - qM AT I40H INkTIAL QAr'IAL nf-fLFrTlnN I p IFI1I .4 1 1 ?60
79 FOMAT!40H RACE CONTROL INDEX 0IP)E11.41 12 .0
A' 1) lnQMA(71H 12 93(

1 1 1290
Al rflQMA~'(l. 4 3) 1300

..A2 CORM~AT140H THEORETICAL CAGE S?.EED .IPIE11.43 ~. 310
ql tCrfOp4A( IP3FI1. 41 1'320

I)EGAEX.104 1976*r4ECGAE 1330
fF1 I RS(O01L () I ,ARA not 43);hPs Ir',r)L 14) 1 . ti, t4 1340

13 ').)L( 1).flF: 1) 1350
)
1 L (ll-nFr i l) 1360

)r)!. (4) nL"L(4) -.- .1370
14 N- XN 13130

IF I IrL I I) .EO. 0. )~C Tt -I.1E- 6 1390
PFf T rOL ( ? I *F'j. 0. ~(I V01 I .F-6 1400
1f P (ML A) .FO.0. 1TML( 3) 10. 1410
TfL IA l =Tf (3)L 11) .104 f I') 1420
1 Ff TQL.14J,*FQ.L0.) T3L.(42JzI. -1430
'01i (4)-=flL (4)1,. 114 ? 19f8 1440
Ir (1L(5 I FC.('. )TOLI5 1=5. 1450
T'LJ'1 5ITft(',)*. 10471')A 1460
IF t701, (61 EQJ.0. * 3TCL (6)=!,F- 6 1470
IF ( 1n0 1 . TC.0. I f-A (7 1=1 .F-b 1480

- P M1ITL (8J.E0.0. 3TOL(ai~j.f-b .-- .

JF Tflt 19).fC.0. (TIt ( gle .5 1500

r3 ~1-4S 1 .2 15 ?:
r)NST 2 --1* 1530
'39 34 Y.=1 4 1540

34 I)FLlK3;flDL(KI . 550
K')NV -0 1560
PP4(1£3 PP14( )*. 30471976 15 Tr)
D(~2).0Ov442l*.IO47116I' 1560
PL[.4*I 11-PF**2)/YE,(I.-PC**02i/YC) 1590
,)r) 4.3 J =IN 1 600

it3 r.TiA..-)LCTL .1610

1:F'TIJj 1620
,)Q 15 I rFR - I.S 1630
'kTF",T.0.0 1640
01 481 K*I,.4 16S0

4il -,;i- A,-, fý = 1660
ITPASS'.ITER 1670
TEP=)ALJPNk*"OOTSq(I) 1680
WY) .0O0 K a I.2 U9
V~tftK)2IPFMfK)-0MFGAF)eCAGF)I(Kl*.5 1700
SI)RAriK) zTEMPI*AREAlK)eABSIVLL(K)1b.I.75/CLFIR1S(KU'*.25'.5*CAGFflhl 1710

1") 1720
SDRA;(KaSIGN(SCRAG(K3-~~ 11730

400 V94qAr(Kj-SrRAGfKI 1740
A3AGmLU8DEJ~*(CLFAKS I I +CLFhRS' ))1IE.PfEOHEGAEC')92*.LbflL; !750

9r)RAGzSIGh(8rPRAG,flmI.GA(l 1760
,)n 16 K-1#4 1770



1IAFII U '0. -_ ---- 1780r•') 17 K=l,4 1790

EF R(K =0. 1800
1•0 11 1.=I.4 1610

17 MOVIL.K I)0. 1820Hýflp I? O" IR30VFNRPT37O 18A0

'11P 1-0 . 1850
,'OR2 0. 1860
If.Qo 3=.1. 1870.I )R43. 1880

V TI: . 190
V-t T2m0. 1900
VQ' 1=3. 1910
VQ T4ý0. 1920
"'1 19 J=IN 1Q30
'41) =0 1940
I N :') 1Q50
L( )PrC 1960PA"S;S j 1 !970
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nATA A6I5 /0.0314 , 0.10')A, .0 1 5, C.021, C'.932, rQCT qA 9C'

1 D.C3R. O.C4?, C.052, L..'56. J.06. 0.2b4. 0.0o6, 3.068/ FACT 30I"ý%5TA Aj,"& 5,. im" , (J.1) 1 f , 1) 4St , I . 11, ). ")4• rqrT 010

I 0-.CO.-, ,)-'1, 3,005, 0.1 ,0.163, *.Th.,, 0.067, O.Ohq/ rQrT 920

rlA5 f, "5 /0. ,1', 0.0??, 0. 3P15, 3.015, 3.045-, r8(T 03nl
I L).0si. 0.055, 0,061, 1.061, 0.06S, . • , 0.064t 0.,)6q/ FAC('T 040

'TrA AlA II.f0,A,.0,01T,.00' '2,.000'.,,.cj0., F9(T o.0

13.0)?7, D.CC46. 0.013. 0.)21,0.' 0.042, 0.052, 0.055/ c*rT Q!,0
"-)AT AAA7 /.)0011,,.'03)4?,.3 00•k5, .0014 .,.0 141., FLCT 970

I 0.0C84, C.C01i, 1.124';, 0.032, 0.03•, 3.3455, 0. 353, 0.055/ FACT q0'3
'IqX AT A1, /. 7.,.•O • j.01?•,, O.004, O.()l I. FP(CT q,'?rt

C,.CI 7, .C21. 1.0145, 0.0"), ).04%, ).04 '.0 , 0.0l.O / fCTj010
A %I' It 19/[. N',15, 0 . 09 • ) 4C 4, 1). 012 , 0.9 1 F R CT IOC)J

1 0.029. .0 , 9.0495, M.)43, 0.045, 0.091. 0.'335, ).)5SW FRrT1020
f•r o, T /0 01.O , 0. un",, 0.014, 0,M1111, 0.01.! FR r r I

1 1.01(,, C. 4, 0,0 , r- C5r , 4.140, 0.05 , 0.0'i 4, 0.0155/ 1 !7CTI040II
"t T A A41I /0.1',!.,, 0.015. .002. 0', 0.37, ru r v O

14 6 t c,, , S. 0, 0 4951, 0. t 0. 0,' , , 3 .1)5)13, 1). 0 "i4 , U. 15 S/ 9 O qCT 106

I )4)S ,'~ C34 f.' 0,7 ? 4,9' 0.) 54 50Qr5r5/

95TA A4• /.A40031,.53OC9.. )01,.0001,.390, rRCT1090
0.)019, O.C103, 1.00";, 0.016, 0.n'4. '.0'S, 30.5, 3.051/ FROrII100

97.%A &44, 1.) 0 1,.o?0'6..0005q,.9009..007q, FRTIlI10

1 f.n(''7' O.CfC'?, 0.0?1, ').071. 3. 014, . 1 3.0Y,7 0.)51/f Fk TII 29
)ArA 44.5 /. ()p, rO /t, . ) S .))14., J.OV21 , F P ( TI 1 0

1 3,013, 1 .3t C , I ,.#70 , WA S'5, J3, '1, 0.144, , 1.3 o, 0.0 1/ rRrTl14O

1.0?2, 0.04, 3.,04,1, U.P5 3 :'I, 1.1

O6( A '- /0.e0.?, 0. 1f,, 0. ,,46, 0.101?0.13 14, Fqr t0 .)0

I O', .025, . ,0.)V., 1 ,.9 0.0111t 9.0s1/ rQCfll1O

Z19



I 0.0;'Q59 C.C13, 0.04, 0.044#,~'V~5 0.04'), 3.0S5#35 0.051/ FRC'IZOO
'9ATA A49 /0.00189 0.0052o 0.0394. 0.014, 0.)255o PACT'.?10

1 0.0'11 ~:5 ~', 0.035, 0.0 '.?, 0.045, 0.1401.s ~ 5l, n.0511 FRC71720
ThATA A.1ri/1E9 3.F.-8. b I-0 .F-7. 3.E-7. 6Ef-7, F:0CT1230

1/ FQrT 1260'

IF( G2.E'.O.)I CC TO 240 -FPCT1290

r~fl 100 1%1,7 IPRCTj!00

.119l 100 J-1 .7 Fqr, 131a
tr IG I-Arl It 13) ) 4 l,6Ct EýO FQ c 1370

43 1 F IGI L T. Ar,111 I I) 0 TO 70 F ACT 133 0
t L TI I %J. jCI I .UlI I , jI , Art.C V TN I I* ,J 1 1 31 r C T 134.0

.f; i 1 r - r1 C.T 1350

GO TO Ion0 r, gT 13 7C
72') 1 Il .J )=FX'FIAtc(,frTNi hI .I ) )4,t Ln~r,(frTN(2,1 ,J I /AL 1)(1. ) 1 13) NIIIj I I 1 4C I IA

ICD IN T I NUJ FPCT1400
'Y~r ? "o I=,7 FR rT 14) 0

1~(~hc37 I140,160, 160 FOCT420
I1(*0 IFG.T4321rnf T1170 -FRCT 1430

r'0 Tn 2c0 FQ CT14 45C
I W) VZ ( V 1-11, ( 7,K 1 FQCt1460

,L) TO '00 FRCTj 470
1 70 Vk IK) -WJ (I , K) - U? (2 , K ) -u7I , V)/I(AG3 (2 )-Al,'3 ( IO Al3 (I )-GI -CT 14AO

IF (VZ1K).LE.Q.0) VIIl'd:1.E-5 F --- ½CT1490

;100 ) I I TNI I FPCT1500

r.ýLL Tllnf.1C.2.FR3tA(r2,V7,1I Fr~rTi 30
P.C0 T1, 710 FRCT1S40

20b -.l3.CYPl)AL[PGIV71h) ) tIL )GlYZJ 71) -ALfL)IVZ It-) )111ALU51AG2 ?)I k-t.LaIAFPCT1`55O
1') '- i'I ~P(.C? -Atr~lr,?U) Fr-(.T1560

",fl TO 2 10 FP.CTIS?0
771 QI XP ( tL C(~(-(V 7(1? A l)(PVG( V Z( 1 I- AL0CG(Vl' I 21 111At ()G( 1(,2( 1 1 -,%L0C(;1APPC T 15 0

V2 ( 21 1 1 4: f A CIC Ir? I -A LCC t AG?1 kIIIl rRcI 1590

rCO~[x~lCL~ - -FRCT161u

rVi TO 750 FOCTIO"20
243 FC01'0. C..v
?50 r )TIN?! A'J CPCr1 64'0

:) r'11F , C.T 165 0
r N n FPrT1 6(60



SiI0tRnUltI?1 F TUA8C~N- TL Ul 10
I I %F NýT n.N f(ElIr) I Ij T1 Ut 20
IF (4-1 11,2,3 . .TLUT 30

STL Ul 40
.0 TO 100 TL 13 Tt SO

7 qgur)III TL Ul 60
no O 1 too - LU' .70

3 '4L. TL UT M0
* . TL)J Cia9

4 t9 ?F~ M-j1 15,15,9 TLUt Li~ 1)(
9 ~4- 1 M4U4L )/2 TLLUt 110

)t (C(1)-CE 2l)11 *2,10 TLUt! 120
--13 IF(C(M)-A)13,l2914 . -- TLUt 130

12 IT ri I .I TLU¶T 150
^.3 "'I Plc TLUfi I f-0

13 '4U - M TLEJI 170
(',( o'r0 A TLUY IRO

I 4i IiL~ -- P1 _____ U--- - 1. L90

is 4 -r) I to L ) Er(PU)-0(ML 1)*( EA-C(ML)1I(CP4UI-CPMLIt f1 (L U 210
P0l O'-TtflN TLUTJ ?20

c.j r) T L WX 730

5IJ0P0UTINF T)j (h,AP,,C,90,N) TLUjG 10
r)I 1 E NS I rN (ElI n ( 1) TL OG 20

S1.2 3 T Lt 3f 0
1~T 'V*UG 40

C3' TP I OC ILUG 50
? PISflE(I TIUG 60
- '9~ TO 100 . TLJG 70
I '4L~ TLUri 80

A iFfpi0-ML-.l) 1515 TL I Gr 100
9 '1iA~U+l )1/2 .TIUG 110

IFiril)-CE21U11.?,10 TLUG 120
.10 IlFi'iI4-A) 13.12.14 - 1-... 1. On 130
)1 1 F r(A-r (m) 1I'll, 121 14 TL UG 14 (
12 ,,0j) (P TL UG 150

,-0 TO 00G TtUG 160
13 149J f T L'ir 1 ?0

CIO TO n TL UG 18C
I's 11L.~ a M -- TLUC. 190

r'l) TO 9 T LU O. 00
15 IsEXpNhL0'3EP()L) lCAtn7flS1Omuj -AE0CE0i(.4L)) *(A4.0GIAI-A4()ZECEMLlI TLUG 710

1 I IALr)GE(E'4J) )-ALfOG(CEML))II TLLPG 220
100 PFTUPN TL'JW- 230

IC P4 TL lJ( 240



APPENDIX II

FORMAT FOR BALL BEARING COMPUTER INPUT INFORMATION

CARD COL. IE
Nna NO*

1 1-10 NIJMRFR OF IALLS
----- 0 PALL_ý.LkUFTFr9 - N--- -

21-30 PITCH DIAMETER - IN*
31-40 CON -TAC IT ANGLF - DEG,
4 1-5 0 OUJTER PACE CURVATURE -FACTOR.
5 1-60 !NNFR RACE CURVATURE FACTOR#___________

~T-o HAGEIN llNTERNAL CLEAKRANE (+ IW INCREASED1
71-Pn DIAMETER OF CYLINDRICAL CA6F, POCKET - !N,

S 1-1 -YnUIC-' cS MODULI]S FOR CAGF P SI.
11-20 P ;I-,SON'S RATIO FOR CAGE.
21-3" YouNGSc MODULUS' FOR PALL, P51c~. IF B'ANK PROC-RAM ASSUMES

11-40 POICSON'r, RATIO FOR PALLS. IF PLANK PROGRAm ASSUMES, *?5q
___41-50 __OUNGf!ý MODOLUS FOR RINGS. - PSI . IF OLANK PROGRAM ASSUMES,

?901)'O on
31-6i -POTS.SONIS RAT!O POP RIN.,5. IF PLANK PROGRAM ASSUMES v25
61-70 9ALL MATEPItL DENSITY' - LR/IN**2.
_n__7-rTFIC TTU__rTGRC O OF BALL. IN POCKET.-

-- -. ( L)PFFFICIFNT OF ,LlING FRICTION OF CAGE ON PILOTING SURFACE.
1 1-e~ wInTH OF CAý, - 1,1.
'71-31 -c,. r). OF CAcF - IN.
3)-4r' 1. D. Ov CAGr - TNi.

51-6n 0. D. OF INNER RING - IN.
~61-P-' tt'AVF PLANK

4 T ý1 __PRPESURE-V I SCOSI TY COEFF IC IENT OF ThE' LUPPICANT -IJN*-2/L(3.

ll-n) TEMPERATURE-vISCOSITY CoEFFICIFNT OF LUDRPICANT- /F DEG.
r~T~F•?ITYOF U9RCANTLHSCIt. __- 2 __ --- _______

31-4n~ INLFT TEMPFPATUREF - F DFG,
41-56 THERMAL CONDUCTIVITY OF LIJRRICANT - FTU/P PEG - HR -FT.
5 1- 6 - `c rNI TY OF LURRICANF - LR*SF(7-2.'IK-*4

6~7G PRDnPTIONITF INCPE'lit4T FORM TI% VELCITY O0 THE RACE IN 14H y
D__ fI PcCT I Ot. SF1 TO .05 IF LEFT t3LA,\r~

SOF THF 8AjLL IN TfHF _x

r)__ 1 IRECTI1ON. !I T To .05 IF LFFf PLANK

5 -i10 PPOPORTniOATr INCREXENT .'0; ANGULARý VELOCITY OF ý51DpN
SET TO .1 IF LEFT HLANK

21-30 tOLFPANCF ON XIII ) ALL CF-NTFR COORO'NAi~e IF PLANK PPOGOAM
- -. _.AS ,umE S. 1a E- 6
3 1--4r) TnL~PFNCF ON X(2) RALL CrNjUcR COOR!'INATF7. !ý: PLANf, PROnRAM

-~-------.F-6

4 1-5rO TOL71DAN'F ON RALL'$ ANGI;LAP VFLOCITY 6ROUT X. IF Pt-ANy

51I-60 -LrPAIJCE ONi PALL I ANGIFLAP VFLOC IIY AROUjT Y. IV F _A?'K
P !0,PAv ASrIJYvF'r I -PM,

6 1-70 T -JL F kA tiF ON fiA L!-' * A ti(,,)L AP VE LOC I TY A _90jT Z . I F fiL A NK



PROGRAM. ASSUMES 5 RPM*
71-80 TOLFRANCE ON DEFLECTION A~LONG X - IN. IF BLANK DROGRAM ASSUMES

I *E-6_________ _____ ___

6 I-Ir TOLFRANCE ON DFFLVCTION ALONG, Y - IN. _IF BLANP. GRAMA,51JilfS
1 *F-6

___11-20 TOLFRANCE ON CEFLFCT.ON ALONG Z - IN* IF BLANK PROGRAMA.5JM5
Is *

21-30 TOLERANCE ON ANGULAR VFLOCITY OF CAGE -RPM. !F SLANK
PROrGRAM ASSUMES s5 RPM

31-90 LEAVF PLANK

7 I-in~ RPM OF OUTER PING.

11-20) RPM OFINNER PING.

21-30 THRUIS T LOAD) - LP. __

3 T1-4 ý RADIAL I0P.I) -LO.
"41-5- MI 4LI(CJvrtT AROIJT Y -IN/IN.

61-70 FsTTMATF OF nFFLFCT ION ALONG Z - IN.
--- Pb--NC}4 2. jIr RFARING WHEN RUNNING WITH BOUJNDARY LUPP CA 1!ON

______ COULD HE EXPECTFDr TO HAVF 'INNER-RAC;C CONTROL'. IF BLAN-K

______ RA.ASF HA rlF--ZC ONTROL, -W0ULlYtEXST.

NT3 T1 WN ADDITIONAL LOAD CASES WITH THE SAME SYSTEM REPEAT
- -____ A~Rr NO. " FCf EACH NEW LOJADCAý - -

-~ ~ T ~UNNEW LUBRICANT PROPERTIES WITH SAME BEARING PLACE ONFE
PLANK AFTER LAST CAeRD NO. 7 AND READ IN NEw CARD NO. 4

_____TO READ NEW PEARING SY~STEM PLACE Two RLANKS AFTER LAST CA RD
NO-.7-ANr) READ l!N CARD NO. 1 ET SEQ.

223



APPENDIX III

TYPICAL BALL, PEARING4C PROBLEM YOR COMPUTER PROGRAM
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APPENDIX IV
ROLLER BEARING COMPUTER PROCIRAV' FORTRAN SOURCE DECK

* C0N414 ALP'1A.aLl, BETAP CI2ICAGEf)1I2ICAGEW.C4GEWT.CLCAGE(20O00tM700
El.Ccp!4FRj~CpvC79p1.Cl1, oopop.OEms,flE'iLt8,DFLI,OEL2iZ) 00006100
XVOFDEL(2) DYX12 )o F PDH2 Is f lOH2 I a FPWXK1 LD0~ZWXt2I. OOCO8900

Y.ý. Fo' L A IFt A T2,FK,FBAftV,F0,FC.fYt2 I FP(2 )v FM Is FYI It 00009000
XY1!,FP11,PP12.Flll1'Zl2.F!LM.FFY(31, GA'4tGAGZ*G1TsG21', 000019LOO
XHFti4H*HP(HN1,HMNl,HN2MPN(2),94NRAC(2I, ISYSPILOAC'.ILUB,ISIGN, 00019200
XI0U11, .JPASS9 KPLT*KPASS* NUN.NU44yt 04EOCCP 00009100
X1 E G A .CMF I (:EGAK, CMX1,00ME, PO,PrlCKFT,P It OTvPOCCLR v 00009400
xpx(21 GOp! (9). RAO IUS*PIN bLOI(2) sK!NGY10m, Fk1LY14 - -0009500
XOINGOR9R1LLPRowPO. RPM( 2,POT,r~V,:?IQ91 STR.,;TS(9) 00009600
rOl~mnl4 T!)ft 70CL14 I . TLr)pT 1. THETA, TrlpQ.TnRK, VHMIN,VIS~vC!NCtoo009700

xvIS3,5vy(z).VIC(1).vS,ýsv(?I XMUI#XMASSvXTM#XTRENK947 00009600
XYvC*YNUN,Y,4C(2*50) 0000990e

rflhgMrs rOH.CAGECf, OXF?,O)ELTA,nRAG, F'r1(2,50lvF0I(2q500O0I00O00
XI.FZ1(2.50IFLIMfZq50,Is HOR.P41 12 *101 ITER, NOL0A0.e U060100O
XrMFGX(Y ) Vi D f2,s0i,OPPp(Q.,50I,PNJ,PXOLI, RR(9027SW9) 03010200
X<STSMn.2s50l,SPH, VfPT.VYl12o501o XFZ.XTP~j2qjo) 001)10300

f'OMW'N /CI-Et I' 00010410
.r.P6ENS ION l40IC(2) 00010500
PATA wnflPj(l,wio~f(2i/4H OUT,4H IN 000QOI"00

-- I&YS-') - - -_ 0001070D
rtl 1-I. 00010600
'r 2),--1. 0001090c
r-.0 TO 0

6 WRI T E(6,.S50)
5 aVA,)(5,1.0)N.O,F,?oTLFtATC.CRNERtPADIUS,DOP 00011000

lF(XI4.EU.3.)ST.OP 0031-11M--*--- ---. .~oio
11 rl1RmATIII Ell 1 00011200

- uA1.xN - 00011300
1LOAr1.v% 00011400

TSVS TSYS.1 00li11600
r.A26.D/ 00011700
Or-ArD(5, 101GAGr-o.~ P IPNG II I .RJ NGnl'2) CAGEW (1I IvCAGEfl(2),POCKET, OOOIIROO

1--rAGE.d,RINGYN,R(h1 YMRINGPR,PIOLLPRt, XMUl.CAGFW'.,f*P(S,YNIJLOI-TL(XK00011900
21 it-.I 43 00012000

IFITOL(1).FO0.0.lTOL(1 )-.003001 0020
?FfTo)L(2I.EQ.0.3TCt(7I..000O0OoO -- - __ 00012300
ff(TO11ll .ýO.0. )TOLf 31-1. 00PI V~-00
TFfT0L(4).F0.0.PTrL(4)-.1 9-- 0012500

C _ TOL(6lTflLf3)*.1047j93q00120
TnL (4 )-TCL (43*.. 147I1U __ -- 00.01-100

?IFfYW'p4.FQ.o.) 'N~U.-5. 000112900
NI 4Y-YVNII 0301 3000
frAIL RCALC (Tn1., F-L4T,(rAGF,RAO.hlSoDROP) 00013!00

_t __N *NO. OF trOLLS oo~o
c n QCL CrIAt. - IN -- - - - - -- 00013300

r~ ----- - n *- -- I 0134D

C OT 707 TOTAL LENGTH 'iF POLL -IN 00D1 3500
t r T- I ENCTH Of FLAT PORTION Or- ROLL -IN 0030

C-_r ONR NrQ CORNER PAOIT'IJ OF RO'LL_ - -IN --010013700
O)Ajt~jý - CAOwN PADlIUS - IN 000114(10O

C nOROP v DROP OF ROLL CROWiN - IN 00013900
c GAGF. - 1TAR4CE Fnpo~ FNO OF ROLL~ fV L R OwN CROP ilF~RENCE r-OINt 004
f - I'4 - 00014100

1- - P. IAM Fr;AL (I FAoIANCE - !*4 f+ IF AFARINeG IS IMISri 0001466
l~n.Or C~rFRPING- IN0001 $#30.3

0.0 OF *4fr P~l ~ U ING - IN jw140

VnCKFlpT OPC;.~F~Y IN4E Pt~ING f)RFCTION IN 0001- _00



T -- IkF 4IIOTH1 OF CA~f 10 - -oo14800

C PI W.Vi a 'OUNGOS MOOILU! FOR RtNCS - PSI __00014900

C--6'ýILY VOUNGit 9()rwM.I$ fOm POLS - OSI 6014
c 91W 9I'9 VPISSCNILjrAYTOFOR RINGS10
r POLLN Ob POSS1S tW I'§1Z0 FfI TO RO-L¶.S 0001S200
C CAGFWY * WEIGHT flF CAGE - L9I 00015300

a i~i COV: F I C ~T7'_? rikrJ0141 FR ICY TON F-Olk PILOT SUR*FACES an i PON
cLAM " 4*VLAT 10oeiswoo

R,fH=SOOAi vTER0US.-FLA~etr. ------- --- - ~ -- -*~ 001576006

R'FAD (ITIR,2U01-LAr2*2 0101 $700

20 _cfl0"AT(I H1,79HN- 0001$901

f- Xl, 7g)H 006-&6f 6
I 00)11.100

WR!?F16sZ 01 00O0i6260

wQI'F18.1clIs'r1 0001".00
*1 FdrkRMAT( 4141) Ml(S I N OA TA FQ O 8A ItING %0. 13I 1 001640o

WO IT F16, 41' OlbO
40 enaImhil3imo NO. Of DOLL 0 IT C#4 -TOTAL FLOOI'16A50

IAT CROWN C~rIWN GAGE ri IA0FTo At. .9. 09 0l0116700
2 fl.fl* OP/13i'4 P011 q95 CIA4E'FII DAM ETER LEP4G1' 1) 0016I00

3:RWT" rp AnIUS POINT CL:ýARA4CF OUTEft vfioooeqon
4 , , %Frq qvdr.) 00017000
WMITEI6,50)EN,O,FTnTL,FLAT,Ont)PIAnlIUS.GAGF,P0,RiP4Gflitti.RIP 0IZ00I1

-&a_!ZMATi IP1E.L. - . 003173.00
wRfyfI6,jý01 00^17400

A-1-. F1JR"wA1tIZ8HQ C.D. OF 1.0. OF TY"~L O _.CAGEf24G CtEARAOOOI7500
1'JLF Pt)CNF T CAGF VUW4G'S POVJLUS 'POISSONIOOOLTC40

-2-c. *AT '0/ 129H CA, CAGE . C&GLA OUTER I N0% 1l700
3'EFR CtEARAN4'E WIDTH P IPGS ROLLS RING% O0001TOO0

P It OTT1 001100
- FIA5S(Pl'iNC-CI2I-CAVEO1I21).LT. ASSIRINAMIJA-_'AGf Uf 1) IIDPILOT*2. 00018100

E(3LY-PI LOT 10~1120O
CLCDGEfk)-AUs1R1NG,-)ItlI-CAGEDI(lI - O0001 $"ý%
rt.CAGE (2) *ABS(R INC!"I 2 I-CAGFOI (2) 000t64,00

PrC~cL PP(1CXFT-O 0001 8600
1FIPINGY'4.EQ.C.)PIKGYM-29.E6 001)l 1T ob
!F1ROLLyP4.FQ.1.)RfLLyvm-2Q.E6 0Ocipsoo

-. JFJRINPR.Er.JO.PINGR-25L 000IB900
IF(RnLt PR.FO.O0. IPMLPRa. 2S 01019000

WI TE (4 .701 CAC (OI I1 CAGFOI 12 ),U k, CLCAGEfI 1,CLC4GEI 21 P0CC1.R.cA"-FO0Olq200
1FPINGYý4PRQLLVPPiNGI)*A0OLLPP G0019.900

?#3 rOPMAt1P2El2..".!ItA6,3M,1p8FIZ.4l 0190
__._RIrE~t..71 - _.. - - - 0001930QD

?s FORMAT(41N') 'IRICTION MATFIDIAL Cc)RNER CAGE/46H COFOO019600
I _ -nEs~ -E GHT) 00- o1i9io
WRITtF(6,501 XpuI,OENSCcRNF*,CAGcEwT 00319800

-- xASDOtrLPPI9179 000 Q99qq
s0 PEAnt(5.10 IALPMA,8FTA.V IS.T I,PK, )FlELUS 00020000

-- IALLPHA.ýLE_0AJ.GQfl10A -. - I
It Ufts L1)(R 1 00020200

SAL YA~1IEUR~YCOIJ C FlCIENT I*ZL- QQUQ2OJQD
BETA TEMPFRATURF-VISCOSiTV COEFFICIENT - 1/fDEG F1 00020400
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APPENDIX V
FOR-MAT FOR ROLLER BEARING

COMPUTER PROC RAMiINPUT iNFORMATION

MAIN PROGRAM__-___________ __

CAR() COL. ITEM 00000200
1 1-10 NO. IF ROILLS (50 NAXIMIJMI _____00000300

11-?O POLL. VlA. IN* 00000400
21-30 PITCH !IIA.- IN* __ ____ 0000500
31-40 TOTAL LENGTH OF POLL -IN, 001000600
42-50 LENGTH OF FIAT PORTIO4 OF ROLL - IN. 00000700
51 -60 PCLL CORNER RADIUS & N. 00000900
61-70 POLL CACWN RADIUS T N. 00 NOT READ IF CROWN O&UP 1500000900

GIVEN 00001000
71-4O PCLL CROWN oRr)p - IN. DO NOT READ IF CRtYWN RADIUSISOQO0liGO

2 1-110 nSTANCEFROM ROLL END TO POINTW'IFgE CROWN DROPIS0010
MEASURFD - IN. 00001400

11-211 OKAMETRAL CLEARANCE -IN. s, IF LOOSE. ____ 00001500
21-.o l.fl. OF OlJTFR RiNG -IN. 00001600

-- -31--40 O'.fl O'F INNER RING IN.000~T01?)_

151-60 1.n. OF CAGE - IN. ______00001900

61-7n LENGTH CrF CAGE POCKET IN THF ROLLING nli(ECTION INe000020.,0
71-Ro WIDTH OF CAGE - IN. 00002100

--- --t -~l MriitSfELASTICITY FOR PRINGS - PSI1. IF PLANK 00002200
PPOGRAM ASSUMES 29.000,000. 00002,300

1 1-2e' SAME FOR ROLLS . 000D2400
21-30 POISSON'S RATIO FOR RINGS. IF OLANK PROG_.M4 ASSUME'% uL'002S00

25 or 002600
31-40 SAmE FOR ROLLS. r0002700

4150 CVFrICIENl_ F SLIDING FRItCT I-ON FOR _CA(E,fP iLOt 0020
CrNTACT, ___ 00002900

51-60 LiE IGHT OF C-AGE - LB. 00003000
___ 61-70 PrLL DENSITY - LS/IN**3. IF BLANK PROGRAM' ASSUMFS 00003100

9783 00003200
71-9 _ TCtERANCE ON ELASTIC APPROACH OF ROLL TO RACE - N. 00003300

IF PLANK PROGHRAM ASSUMES .000.000.1 -00003400

4 1-10 tntLERANCE ON F 1! M THICKNF SS AT ROLL /PO)CKET CONTACT 00003500
-IN, IF 9LANK PROGRAM ASSLJMES.00O.00095 I4. 00003600

11-70 TOLERANCE Oh ANGUL!ARVELOCITY OF ROIL AR(XJT OWN 00003700
CENTFP - RPM.. IF BLANJK PR~OGRAM ASSUMES 1. 00003800

21-30 Tfl FRANCE ON ANGULAR VELOCITY 0O CAGE - ;P". 00003900
tF(9LANX PROGRAm A-SSUMES .- i-- Oo40

3 1-qO LEAVE sLANK. 0040
I PVUqtH I(_NO DtECymAL'-POINT? 00004200f

?-eo TI TIEL~ WRITE ANYTt~i ". 00004300
6 1 LFAVEMA: .- 0000##400

2-50 WRITF ANYTHIN6. 00004500
7 1-10 PRFSSIJRF-VISCDSITY COEFFICIENT Or- LUORICANT.- 0040

I A*02fL t . 00004100
11-70 TEMtPElATljRF-V"S(.OSITY COEFFICIENT Of- LUBRICANT - 00064606

I/OEG F1 00004900
21-30 v itc ,) s I Y OF -L URR ICANT- At _I NLFT TEFMPER A TURE - _0_000660

LP*SEC /IN**2., -~00005100

i1-40 INLET YEMVPFPATUPF Or LOOBP fRi-NT - DEFG F. 000f.900
41-50 THFRMAI COINDUCTIVITY OF LUPRYCANT 00,1051,00

6TL'/(nFG FI/44/FT. 001540C
51 -(. LUPIRICANT nENSITY - (B*SECe*2/IN**4. 0O0005500
61-80 LEAVE BLANK. 00005600

A I PUNC11 lepl 00005700
2'-91 IDENTIFICATIO'N VATA FOR LUBRICANT,. PUNP4C AYT"1464. 0000580o

44A



11-20 RPM OF INNFR RING. 00006000
1-3A~likJ.flD .Lf~1POSITIYE flVOODQ

31-41) RPM OF ROTATING LOAD. IF LOAD IS STATIONARY LEAVE 00008.200

41-SO FACTOR WHICH MULTIPLIFS CAGE SPEFD TO GET CAGE SPEEDOOOO64,00

-_____~ rR - DfINET-L. F.MAW PflR():AM ASSUMES 1 -1_
51-60 9RnPORTIOP4ALITY FACYOR FOR FINITE DIFFERENCE IN THE 0000660D

* ..-ANGULLAR -VELOCITY OF A-ROLL ABOUT 115 OWNLCENTER. _-ND0~6100
IF PL.ANK PROGRAM ASSU14FS .05 00006800 -

_.ALTQ0 -STAR TLNG VALUE FOR PI NIDMUM P1 LMTMICKN4ESS -AT- 0000&9100
POtL/POCKFT CrVNTACT - IN* IF BLANK PROGRAM ASSUMES 00F107000

71-10 LFAWF BLANK. 0~007200
-- . .- - ---- -0O00T0.300

TO RION AtDDIIIONAL LOA') CASF; WITH SA041 LUBRICANT 00007400
-ALEUAT CARD -%AS REQUIRED - * - -. 070

__ ~~TflRIIm Inmlfnmh tON1l UJRACANTY-PLAICEJELA 1LD nUf
LAST CARD 7 ANfi AEADOCARD 15 ET. SEQ. 00007800

- .-00007900
IC T RUN NEW REARING CONFIGURATIO)N PtACE IWO PtANI(S OOOOn00O

___F7EA t AjLARIL -AND.-EAD rARD 1 iTs E. ___ ___ OOOOJWO
00008200

T- -- n P, IlPALE-IMF I&ALAI CARDS. AF7R ILASTLCARIL 7-OnDD00in
010DO8400
000 01"o

I-4



APPENDIX V1
TYPICAL ROLLER BEARING

PROBLEM FOR COMPUTER PROGRAM
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APPENDIX VII
MIL-L-23b99-TYPE OIL P2?OPERTIES

AVAILABLE FOR USE IN PROGRAM INPUTS

The following pressure-viscosity data* for Aeroshell Turbine Oil 555 is
typical of the Mil-L-23699 class of lubricants. Pertinent properties for

the formulated fluid are as follows:

Thermal Kinematic Reciprocal Asyriptotic
Cogductivity Viscosity Density Isoviscous Pressure,

(Btufft -hr-° F:.ft) _ (_s)' _ (g/m / (1psi-)-I

100°0." .098 28. 2 .980 .942

2100 F - 5. 3 .935 .691

300 0 F .078 2.4 .897 .602

500°F . 07 5

9[),,ta provjdt. d ty VWtlliain R(. Jones, r*., 1t.B :arch Engince. r, N -AS A
],. isR,.Evarcii C_.coter, Cl,ývcland, Ohio.
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APPENDIX V1II
SOLUTION FOR ROLLER BEARING CASE

OPERATING AT 20,S91 RPM AND RADIAL LOAD OF ZOO POUNDS
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